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Abstract  
 
Diabetes is a common chronic disease, characterized by defects in insulin action, 
secretion or both causing hyperglycemia. Diabetes can have serious long-term 
complications as it important to control blood glucose levels. Chemical and optical 
methods are used mainly in measuring glucose levels. Chemical methods require 
drawing blood several times a day which is uncomfortable for the patient. Optical 
sensor measurements are affected by physical and chemical parameters and 
environmental changes.  
 
In this study, we propose a method for detecting and quantifying blood glucose 
levels based on the nonlinear optical properties measurements using the z-scan 
technique. Gold, silver and gold/silver (core/shell) nanoparticles were 
synthesized using a wet chemistry where trisodium citrate was used as a 
reducing agent. A green synthesis method used curcumin and glucose as 
reducing agents. These nanoparticles are characterized by their plasmon 
absorbance band, and their shapes and sizes are confirmed by TEM. Glucose 
conjugated nanoparticles are either synthesized or mixed with glucose. The 
compositions of these conjugates were confirmed by TEM. Mie theory was used 
to determine the size of the nanoparticles. Nanoparticles conjugated with glucose 
were subjected to nonlinearities measurements using the z-scan technique. The 
z-scan experiments were preformed using 488 nm and 514 nm CW argon-ion 
laser with adjusting power of 15 – 30 mW to measure the nonlinear refractive 
index (𝑛2). Z-scan measurements indicated that studied samples exhibited 
nonlinear optical properties. The experimental results show that the nonlinear 
refractive index was dependent on the concentration of glucose conjugated with 
metal particles.  Thus, the nonlinear refractive index value of the given glucose 
sample may be used as a quantifying indicator. 
 
Keywords: nanoparticles, colloidal, z-scan, nonlinear properties, absorption 
spectra, glucose detection. 
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Chapter 1: Introduction  
 
Diabetes is a disease that currently affects 380 million people worldwide (1). It is 
one of the commonest chronic diseases in Kingdom of Bahrain affecting 15% of 
the population (2). According to the World Diabetes Federation, Bahrain is ranked 
eighth in terms of diabetes spread, with new cases continually developing (3). 
Diabetes is considered in Bahrain as a main killer with 15% of all deaths caused 
by diabetes (4).  Obesity, lack of activity, lifestyle and food habits are the major 
causes of diabetes in Bahrain (5). Bahrain ranks 4th in obesity among the Gulf 
countries (6). This makes the population susceptible to diabetes, although the 
causes of the disease are not known for certain. Diabetes is a disease caused by 
defects in insulin secretion, which leads to hyperglycemia. There are two major 
types of diabetes, type I and type II. In type I diabetes, the patient’s body does 
not produce insulin. In type II diabetes, the patient’s body does not use insulin 
properly (7). Type II diabetes is the more common type in the Bahrain population 
(8). Insulin is a hormone produced by the pancreas that allows the metabolism of 
carbohydrates, fats and proteins. Insulin regulates blood sugar level and inhibits 
it from getting too high (hyperglycemia) or too low (hypoglycemia) (9). Without 
insulin blood glucose level will increase and are excreted through the kidney 
causing excessive urination. Furthermore, for energy metabolism body will use 
stored fat which leads to the production of ketones, which affects patients’ health 
(10). Factors such as genetics, obesity, food habits and lack of exercise are 
believed to play a major role in diabetes. There is no permanent cure for diabetes 
except medication and insulin injections. However, stem cell research gives the 
promise of replacing inactive pancreatic beta cells with developed beta cells to 
produce insulin (11). For now, there is no cure for diabetes so continuous 
treatment is the only alternative to preventing the resultant serious complications 
for the patient. Treatment includes continuous blood glucose monitoring 
combined with insulin tablets or injections. A commitment to a strict diet control 
of sugar intake, and regular exercise is also required (12). Several methods to 
- 20 - 
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monitor glucose levels have been reported, which include, optical, 
electrochemical and enzymatic methods. At the moment, many glucose sensor 
devices are available for monitoring glucose levels. These devices are used for 
clinical diagnosis and treatment of diabetes. In recent years, the determination of 
glucose level with the use of nanoparticles has attracted interest because of their 
unique optical properties. These unique properties motivated many researchers 
to study optical nonlinearities of the combined nanoparticles and glucose with the 
aim of monitoring the glucose level. 
 
In this study, we proposed a method for synthesizing gold nanoparticles using 
glucose, gelatin and microwaves. Nanoparticles were used for the detection and 
quantifying of glucose using UV-Vis spectroscopy and z-scan technique. The 
nonlinear properties of gold, silver and gold-silver nanoparticles reacted with 
glucose were investigated using z-scan technique.  Z-scan technique is an 
effective tool, easy to use, simple, highly sensitive and inexpensive (13–15). Real 
time and accurate readings of glucose may be obtained using this method.  
 
1.1 Aims  
 
The major goal of this work is to detect and quantify glucose combined with gold 
(Au), silver (Ag), combined gold & silver (Au-Ag) nanoparticles using the z-scan 
technique in prepared solutions and in diabetic whole blood or plasma.  
 
a. The synthesis of gold (Au), silver (Ag) and gold-silver (Au-Ag) 
nanoparticles (NPs) by the wet chemistry method using trisodium citrate 
as a reducing agent.  
 
b. The synthesis of gold (Au), silver (Ag) and gold-silver (Au-Ag) 
nanoparticles (NPs) by the green synthesis method using either glucose, 
curcumin, gripe water, coffee, tea or hibiscus as a reducing agent.  
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c. Study the changes of absorbance and peak position of nanoparticles 
surface plasmon resonance (SPR) band with different concentrations of 
glucose.  
 
d. Study the changes in the nonlinear refractive index of nanoparticles using 
different concentrations of glucose.  
 
e. Investigate the nonlinear refractive index of whole diabetic blood and 
plasma.  
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Chapter 2: Diabetes   
 
Diabetes mellitus is a chronic disease the prevalence of which is increasing all 
over the world. It is a result of defects in insulin action, or the secretion of insulin 
or both of these actions.  This causes hyperglycaemia (high blood sugar). This 
can cause the failure or dysfunction of eyes, kidneys, heart and blood vessels 
(16).  
 
 
 
 
 
 
 
Diabetes causes excess sugar to appear in the urine. Diabetes is named 
Diabetes Mellitus. It is derived from Greek and Latin words; diabetes is a Greek 
word meaning siphon or pass through, while mellitus is a Latin word meaning 
honeyed or sweet (17). 
Frequent urination was the first observed as a symptom of diabetes by an 
Egyptian physician in 1552 B.C. The discovery of insulin is related to studies of 
the pancreas. In 1889, Oskar Minkowski and Joseph von Mering proved that the 
removal of a dog’s pancreas caused diabetes (18). In 1910, Sir Edward 
discovered the presence and the production of a substance in non-diabetics and 
named it insulin. Insulin is derived from a Latin word insula, meaning island (19).  
 
 
2.1 Physiology and Pathophysiology  
 
There are many hormones that regulate glucose level in blood such as insulin, 
glucagon, amylin, glucagon-like peptide-1 (GLP-1), glucose-dependent 
Figure 2.1: Blood glucose levels. 
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insulinotropic peptide (GIP), epinephrine, cortisol and growth hormone. Insulin 
and amylin are produced by the Beta cells of the pancreas. Alpha cells in the 
pancreas produce glucagon, while L-cells in the intestine produce glucagon-like 
peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP). The main 
role of these hormones is to keep the glucose level in blood within a specific 
narrow range (70 - 99 mg/dL). Insulin is the only hormone that lowers blood 
glucose level (20). Glucose is the main source of fuel in the body. Different tissues 
have different membrane permeability to glucose. The diffusion of glucose to the 
cells is controlled by glucose transporters. When carbohydrates are digested, 
glucose is produced. Then glucose is transferred from blood to cells and used as 
energy. Insulin is the main hormone for glucose regulation. It is synthesized in 
the beta cells located in islets of Langerhans in the pancreas. Blood glucose is 
decreased when glucose is transferred from blood into the muscle, liver or 
adipose tissues. Insulin is required by the muscle, liver and adipose tissues to 
activate insulin receptors, which facilitate the glucose transfer. In the cell, glucose 
may be oxidized for energy (glycolysis) or stored in muscle and liver 
(glycogenesis) (21,22). Small amounts of insulin are always secreted by the 
pancreas into the blood. When blood glucose levels rise, higher amounts of 
insulin is required. A patient who is diagnosed as a diabetic, may lack insulin 
because of low production of insulin or may not have enough insulin receptors to 
reduce the level of blood glucose. 
 
There are three types of diabetes namely type I, type II and gestational diabetes.  
Type I which is also known as insulin dependent diabetes. 10% of people 
with diabetes suffer from diabetes type I. In this type beta cells are destroyed by 
the immune system. Either little or no insulin is produced. Type I generally 
develop in children or young adults (below 30), but it can develop at any age. The 
signs and the symptoms of type I is usually acute and rapid. They are urination, 
hunger, thirst, weakness, drowsiness, vomiting, weight loss and blurred vision. 
Type I is usually treated using insulin, exercise and dietary changes. 
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Type II is the most common type of diabetes, also known as non-insulin 
dependent. In this case, insulin is produced but not used effectively (insulin 
resistance). In fact, enough insulin is produced but there are not enough insulin 
receptors. Symptoms usually develop gradually, like urination, hunger, thirst, 
weakness, drowsiness, numbness in legs, feet or fingers, skin infection, slow 
healing of cuts and blurred vision. Type II is usually treated using non-insulin 
medications, dietary changes and weight loss.  
About 4% of women develop gestational diabetes during pregnancy. Its 
pathophysiologic process is similar to type II. The placenta that connects baby 
and mother’s blood supply, produces different types of hormones. Some of these 
hormones are insulin blocking hormones, which affects the function of insulin and 
raise blood glucose levels. Usually, gestational diabetes will disappear after baby 
is born, but it will put the mother at higher risk of developing type II diabetes 
(12,22–25).   
 
Diabetes may cause serious long-term complications. It may cause eye problems 
such as night sight difficulties and even blindness. Skin and specially feet may 
develop infections and sores that cause pain, itching and amputation. Diabetes 
raises a patient’s risk of heart attack and stroke because of the difficulty to control 
blood pressure and cholesterol. Furthermore, it can cause nerve damage, which 
cause pain, tingling, loss of feeling and erectile dysfunction. High blood sugar 
increases kidneys filtration rate and with time, this can cause kidney damage. 
Patients with kidney damage may require dialysis or kidney transplant. Patients 
may develop digestion and bowel movement problems. In order to prevent 
diabetes long-term complication’s patient should control diabetes. Healthy diet, 
exercise and medications are most important for diabetes control. To avoid long-
term complication’s patients should keep their blood glucose, blood pressure and 
cholesterol levels in a normal range. Heart disease and strokes may be prevented 
by taking medications prescribed by a doctor. For healthy feet, regular feet check-
up must be done every day, and proper socks and shoes must be worn (26).       
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2.2 Glucose Monitoring  
 
Many methods are used to test blood glucose. They include optical, 
electrochemical, and enzymatic methods. Monitoring blood glucose is important 
to control glucose levels and avoid diabetic complications. Dextrostix [Fig. 2.2] 
were the first blood glucose test strips invented by Ernie Adams from Miles 
laboratories in 1963, where a drop of blood was added to the strip and then 
washed out. A blue color developed whose intensity was proportional to the 
glucose concentration. By comparing the color to a color chart, the glucose level 
was estimated (27).    
 
 
 
 
 
 
 
 
 
 
 
Point sample refers to whether the sample was taken from blood or urine for 
reading glucose level. This can be read by a finger-prick glucometer or a urine 
dipstick (28). For real-time readings and optimal glucose control, continuous 
glucose monitoring may be used. Sensor’s collect readings every 5 minutes. A 
sensor is implanted under the skin and collects readings from tissue fluids. Using 
radio waves the sensor transfers the readings to the meter. Usually, sensors are 
replaced every few days (29). On other hands, some monitors do not require 
sensor implementation. Both invasive and non-invasive methods are used for 
glucose detection; invasive methods require puncturing the skin and drawing the 
blood, while non-invasive methods do not require skin penetration or blood 
Figure 2.2: Dextrostix strips (79). 
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extraction. Microscopic holes created by weak lasers or ultrasounds are 
considered as non-invasive (30).   
In general, chemical sensors are based on producing of signals from chemical 
information. The chemical information may be as a result of chemical reaction or 
a physical property. Most chemical sensors consist of two main components; a 
chemical recognition system (receptor) and physicochemical transducer. Simply 
the receptor interacts with molecules leading to changes in physical properties 
and the production of electrical signal. Basically, the strip consists of two main 
chemical’s glucose oxidase and ferricyanide. The blood sample reacts with 
glucose oxidase, and gluconic acid is produced. Then gluconic acid reacts with 
ferricyanide and ferrocyanide is produced. Ferrocyanide affects the current within 
the electrode giving a glucose measurement (31). This type of sensor is 
considered accurate, but it requires skin puncturing and blood drawing, which 
causes pain.    
  
 
 
 
 
 
 
 
Optical, mechanical, magnetic and thermal sensors are considered as physical 
sensors (32). Optical sensors detect chemical or physical parameters by 
measuring changes in the measurement of a specific optical property. The optical 
property measured may be absorbance, reflectance, luminance or scattering. 
Recently, the nonlinear refractive index and the nonlinear absorption coefficient 
were employed for monitoring glucose levels (33). There are many types of 
glucose optical sensors.  
NIR and Mid-IR spectroscopy techniques based on focusing the body with 
a beam of light in the range of 750-2500 nm for NIR and in the range of 2500-
Figure 2.3: Glucose monitor 
(80). 
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10000 nm for Mid-IR. When the light is focused on the body, it is scattered or 
absorbed due to interaction with tissue components. According to Beer’s Law, 
reflected or transmitted light is described by I=I0e
-μTotd. Where I is the 
reflected/transmitted intensity, I0 is the incident light intensity, μTot is the sum of 
attenuation coefficient and 𝑑 is the optical path length in tissue. NIR spectroscopy 
depth range is 1-100 mm, while Mid-IR is a few micrometers. However, these 
techniques have many limitations, for example, body temperature and the effect 
of diabetes on the skin may affect glucose measurements. There is also, poor 
penetration in Mid-IR spectroscopy.    
Raman Spectroscopy uses laser light to produce oscillations in molecules. 
These oscillations affect the emission of scattered light, which is dependent on 
the concentration of solute in the solution. The spectral interval of 200-1800 cm-1 
is considered as the interval of Raman’s spectroscopy. In this band glucose is 
clearly differentiated from other compounds. The stability of the laser wavelength 
and intensity are the main limitations of this technique.  
Fluorescence Technology is also used to monitor glucose levels, and it is 
based on using light with specific wavelength to excite human tissues to generate 
fluorescence. Fluorescent intensity is dependent on the concentration of glucose. 
The limitation of this technique is that skin pigmentation or redness may affect 
glucose measurements. 
In Ultrasound Technology, pico to nanoseconds laser pulses with specific 
wavelength are used to excite a fluid. As a result of light absorption heating 
occurs within the medium, and a detectable ultrasound pressure wave is 
generated. This technique has many limitations, such as expensive 
instrumentation, sensitivity to environment and sensitivity to chemical and 
physical interferences.  
In the Fluid Harvesting technique, microscopic holes are created in the 
skin using laser light or ultrasounds. Then a glucose sensor is placed on the skin 
where interstitial fluids containing glucose migrate through the micropores and 
glucose is directly measured. The laser based technique is called biophotonic 
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and ultrasound based technique is called sonophoresis.  The main limitation of 
this technique is the difference between glucose in the interstitial fluid and blood. 
Thermal spectroscopy is also used for the detection of glucose. This 
technique is based on the effect of glucose present on the naturally emitted IR 
radiation from the body. Thermal gradient spectroscopy is used to detect the 
absorptive effect of glucose on body’s IR. 
In Ocular spectroscopy a special lens with a hydrogel of boronic acid 
derivatives is used. Hydrogel thickness is about 7 μm. Glucose concentration in 
tears is affected by the reversible covalent bonds created by the boronic acid 
derivative with glucose. Also, as a result of this binding phenomenon changes in 
reflected light wavelength can be detected if the lens is illuminated with a light 
source. Some patients may not be comfortable with this technique and there 
might be some difference between glucose in blood and in tears (30).   
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Chapter 3: Nanoparticles 
 
The physicist Richard Feynman is considered as the father of nanotechnology. 
In 1959, Feyman’s talk about manipulating and controlling individual atoms was 
the key to nanotechnology. The term nanotechnology was later given by 
Professor Norio Taniguchi. The study and application of particles in the 
nanoscale in all the fields is called nanotechnology or nanoscience (34). Particles 
of matter sized between 1 – 100 nm are considered as nanoparticles or 
nanomaterial. In such a small scale surface area to volume ratio become 
significant. This affects the physical and chemical behaviour of nanoparticles 
resulting in properties that differ from the bulk samples of the same material.  
Nanoparticles are found in nature or can be made by humans. In nature 
nanoparticles include organic (proteins, polysaccharides and viruses) and 
inorganic compounds (iron oxyhydroxides, aluminosilicates and metals), which 
are produced as a result of weathering, volcano eruptions, wildfires and microbial 
processes natural nanoparticles are produced.   Human made nanoparticles 
include quantum dots, carbon nanotubes, nanorods, nanocrystals, nanowires, 
and nanoribbons (35,36).   
 
3.1 History 
 
Nanoparticles existed in nature a long time ago. Nanoparticles were used by 
artisans as color pigments in luster and glass technology. In the 9th century 
nanoparticles were used by artisans in Mesopotamia to generate a glittering 
effect on the surface of pots. In Italy during the Renaissance Period (1450-
1600AD), the people in Umbria, used nanotechnology to produce iridescent or 
metallic glazes. By using copper and silver metal particles, they achieved an 
iridescent look in their glazes due to the light bouncing off at different 
wavelengths. The Italians were not the only ones interested in nanotechnology. 
More than a thousand years ago the Chinese were creating a red color in their 
ceramic porcelains using gold nanoparticles as an 'inorganic dye'. 
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Figure 3.1: Deruta ceramicists produced by Italians (37). 
 
One of the unusual examples of gold nanoparticles is the Lycurgus Cup which 
was made by the Romans in the 4th century. The Lycurgus Cup appears green in 
reflected light or daylight but red when light is illuminated from inside and 
transmitted through the glass. This unique optical property is the result of the 
presence of tiny amounts of colloidal gold and silver in the glass (36,38). 
 
 
 
 
 
 
 
 
 
 
 
Medieval stained glass art works are one among the most documented examples 
of nanotechnology known in history. Although the artists were unaware of it, they 
were the first nanotechnologists. They generated the ruby-red color in the 
windows by trapping gold nanoparticles in the 'glass matrix'. They also generated 
deep yellow color by trapping silver nanoparticles. Recently it has been found 
Figure 3.2: Lycurgus Cup in the British Museum (81). 
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that it is the size of the metal (whether it be gold or silver) nanoparticles that 
define the variations in colour.  
 
 
 
 
 
 
 
 
 
 
 
Between AD300 and AD1700 the Damascus steel sword was made in the Middle 
East. These swords are known for their impressive strength, shatter resistance 
and exceptionally sharp cutting edge. The steel blades contain oriented 
nanoscale wire-and-tube-like structures, which most likely enhanced the 
material's properties (39). 
 
3.2 Synthesis 
 
Nanoparticles are classified according to their dimensions, be it in one, two or 
three dimensions. Thin films are considered as one dimensional nanoparticles 
with a size of 1 – 100 nm. One-dimensional thin films have been used for decades 
in many applications such as information storage, sensors, optical devices and 
recently in solar cells.  
Two dimension nanoparticles such as carbon nanotubes (CNTs) have a diameter 
of 1 nm and length of 100 nm. Carbon nanotubes are made of single or multi 
layers of graphite that are rolled up into a cylinder. These nanotubes are excellent 
conductors, very strong and chemically stable.  
Figure 3.3: Medieval Stained Glass (37). 
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Three dimension nanoparticles such as fullerenes (carbon 60), dendrimers and 
quantum dots (QDs) have many applications.  
Fullerenes are made of 28 to more than a 100 carbon atoms (C60) which 
are shaped into a spherical cage. Fullerenes can reshape again after being 
subjected to extreme pressure. They are being used in many applications such 
as solar cell’s production.  
Dendrimers are controlled-structure polymers with nanometric dimensions 
of 1 – 100 nm. Multiple functional groups are attached to their surface, which 
make the dendrimers suitable for drug delivery. Dendrimers are used in many 
pharmaceutical applications such as production of anticancer agents, 
antimicrobial drugs and screening agents.  
Quantum dots consist of a tiny droplet of free electrons, be it single or 
several thousand electrons. Usually, quantum dots size range from 2 - 10 nm in 
diameter. Quantum dots are synthesized from many semiconductor materials 
such as cadmium selenide. Quantum dots are being used in fast DNA testing, 
drug delivery, vivo imaging, tissue engineering and information storage (40).   
 
There are two main methods to synthesize nanoparticles, Bottom-Up and Top-
Down [Fig.3.4]. In bottom-up method, nanoparticles are built from atoms or 
molecules. Top-down method involves breaking larger particles into 
nanoparticles. Nanoparticles are synthesized using a variety of materials. 
Synthetic method and materials are dependent on the size required, stability and 
surface characteristics such as charge (41). 
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There are many methods for nanoparticle synthesis, which include gas 
condensation, vacuum deposition & vaporization, chemical precipitation, sol-gel 
technique and electrodeposition.  
The first method used for the production of nanocrystalline metals and 
alloys, was gas condensation. In this method, thermal evaporation sources are 
used to vaporize inorganic or metallic materials. A high residual gas pressure 
(greater than 3 mPa) causes a collision between evaporated atoms and residual 
gas molecules, leading to the formation of ultrafine particles (100 nm).  
In vacuum deposition & vaporization, elements or compounds are 
vaporized in a process similar to gas condensation with a pressure less than 0.1 
Pa, but after vaporization, they are deposited in a container with a pressure of 10 
– 0.1 MPa. Ultrafine clusters (1 – 100 nm) can form by vapor phase nucleation in 
a dense vapor cloud by multibody collisions, where collisions and cooling for 
nucleation occur when atoms pass through the gas.  
Another method for nanoparticle synthesis is the chemical vapor 
deposition. A solid is deposited during the change from a gas or a vapor. Energy 
is provided for reaction activation using several methods. One such is thermal 
energy where a high temperature above 900 ℃ is used. Another is formation of 
plasma at a temperature of 300 – 700 ℃. Ultraviolet radiation may also be used.  
Figure 3.4: Schematic representation of Top-Down and Bottom-Up synthesis methods of 
nanoparticles. 
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In chemical vapor condensation, at a reduced pressure a vapor of metal 
organic precursor’s pyrolysis occurs. Mechanical attrition involves structural 
decomposition of coarser grained structures.  
In a chemical precipitation method a precipitation technique is used to 
control the size. A reaction between constituent material in suitable solvent leads 
to the synthesis of nanoparticles. Before the precipitation reaction, a dopent is 
added to the parent solution. To maintain separation between formed particles a 
surfactant is added. The nanoparticles formed are centrifuged, washed, dried and 
subjected to UV.  
The sol-gel technique involves the formation of a stable colloidal 
suspension (sol) and continuous network surrounding a liquid phase which is the 
gel. It includes four stages; hydrolysis, condensation, growth and agglomeration 
of particles. In hydrolysis, tetraethyl orthosilicate Si(OC
2
H5)4 and water are mixed 
in ethanol. Silanols (Si-OH) are produced as intermediates. Hydrolysis of 
tetraethyl orthosilicate Si(OC
2
H5)4 will result silicic acid Si(OH)4. A catalyst such 
as HCl and NH3 is used to accelerate hydrolysis and control the pH. In 
condensation, formation of siloxane bond is resulted due to water or alcohol 
production. Monomer, dimer, cyclic tetramer and high-order rings are products of 
condensation reaction. In the growth and agglomeration step, more siloxane 
bonds are formed, molecules will aggregate forming a network, which turns into 
a gel after drying.  
 
 
 
 
 
 
 
 
 
 Figure 3.5: Sol-Gel technique (82). 
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Strong and uniform nanostructured materials are synthesized by 
electrodeposition. Films are produced using the electrodeposition method, while 
coatings are applied by the chemical vapor deposition or condensation (42,43).      
 
 
The chemical reduction method is the most common method for the 
synthesis of nanoparticles. It is considered as a chemical method. In this method 
an organic or inorganic reducing agents such as citrate, ascorbate, sodium 
borohydride (NaBH4), elemental hydrogen and Tollens reagent are used. Citrate 
is the most common reducing agent used, which leads to the production of size 
controlled monodispersed spherical nanoparticles. As a consequence of weakly 
bound citrate coating, the nanoparticles have a negative surface charge that is 
easily characterized by their plasmon resonance absorption band.  Generally the 
reducing agent is used to reduce metal ions to an uncharged metal atom. These 
atoms nucleate and form clusters followed by the formation of nanoparticles. 
Core/Shell nanoparticles can be synthesized by synthesizing small colloidal 
nuclei, followed by its enlargement using a different metal. Various shells such 
as conductive, nonmetallic graphite or semiconductors can be used to cap 
metallic nanoparticles. There are many types of chemical reduction methods 
such as microemulsion techniques, UV-initiated photoreduction, photoinduced 
reduction, microwave assisted, Tollens method and irradiation method (44,45).  
 
Synthesized nanoparticles are characterized by their size, morphology and 
surface charge. Microscopic techniques such as scanning electron microscopy 
(SEM), transmission electron microscopy (TEM) and atomic force microscopy 
(AFM) are used for nanoparticle analysis. Using these technique’s their average 
diameter, size distribution and stability can be studied (40). 
 
 
  
- 37 - 
 
3.3 Nanoparticles Applications 
 
3.3.1 Applications in Diabetes  
 
Nanotechnology is used for diabetes management and treatment. Glucose 
nanosensors such as the Layer By Layer technique (LBL), carbon nanotubes and 
quantum dots are used for glucose monitoring. Generally, glucose nanosensors 
are implanted in the skin, and they are glucose responsive and fluorescent based.  
The layer by layer technique uses a very thin film each with a thickness of 
10 nm built up from positively and negatively charged polymers. It’s implanted in 
the dermis or subcutaneous tissue with the semi-permeable capsules containing 
and protecting sensors materials. These capsules allow the entry of glucose from 
interstitial fluid. Near infrared radiation is used to excite glucose sensors and the 
fluorescence emission detected from outside the body (46,47).  
Carbon nanotubes are electrically conductive, made of graphite sheets 
rolled into cylinders. They can be single or multi walled nanotube. The 
concentration of insulin is directly related to the current in the electrode of the 
nanotube. Insulin concentration is monitored in real time. In the presence of 
glucose, insulin molecules are oxidized and the transfer of the produced electrons 
is detected by the sensor. As more insulin is produced, the current in the sensor 
increases (48).   
Quantum dots size ranges from 2 – 10 nm. They are made of a semi-
conductor crystal such as cadmium selenide and covered with a shell such as 
zinc sulphide. In several biosensors applications, quantum dots have been used 
as a fluorescent probe because of their high intensity fluorescence over a wide 
range of wavelengths (usually 20 – 40 nm) (49). The emission wavelength is 
dependent on the particle size (50).  
 
Nanotechnology is used also in insulin delivery. Insulin can be delivered orally 
using insulin prodrugs (insulin-polymer conjugation), micelles, liposomes, solid 
lipid nanoparticles and nanoparticles of biodegradable polymers.  
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Liposomes consist of enzyme inhibitor (glycocholate), which protects 
insulin against enzymatic degradation by pepsin, trypsin and achymotrypsin. 
Recently, permeation enhancer has been developed for oral delivery of insulin, 
which allows insulin to cross the epithelial layer after oral administration.  
Microspheres are the most promising systems for oral insulin delivery. 
They consist of enzyme inhibitors to protect insulin inside its matrix from 
enzymatic degradation and permeation enhancer that allows insulin to cross 
epithelial layers.  
Nanopumps are used to pump insulin into the patient’s body at a constant 
rate, balancing the glucose level. 
 
An artificial pancreas is developed using nanotechnology. This idea was 
introduced in 1974. A sensor is implanted in the patient’s body. This reads the 
glucose level and pumps insulin in response to the reading from a small reservoir 
into the blood. An alternative method is to use a tiny silicon box made of animal 
pancreatic beta cells with 20 nm diameter nanopores. These pores allow the 
passage of glucose and insulin only (51).   
 
 
 
3.3.2 Other Applications  
 
Nanoparticles are being used in many field’s including energy, electronics, 
manufacturing and medicine (52).   
In medicine, nanoparticles are used to improve quality in imaging, cancer 
treatment, tumor destruction, drug delivery, implants, antimicrobials and protein 
detection (53).  
Silver nanoparticles have unique antibacterial, conductive and optical 
properties. In the diagnostic field, silver nanoparticles are used as biological tags 
in biosensors. Because of their antibacterial properties, silver nanoparticles are 
used in paints, plastics, cosmetics and wound dressings. Also, silver 
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nanoparticles are used in conductive inks and integrated into composites to 
improve thermal and electrical conductivity. In the optical field silver is used to 
enhance light and improve optical spectroscopies (54).   
Gold nanoparticles are used in the diagnostic field to detect heart disease, 
cancer, infection and uric acid sensing (55). Also, it is used to coat therapeutic 
delivery agents. Gold nanoparticles are used as sensors, probes and conductors. 
In some chemical reactions, gold nanoparticles are being used as catalysts. Gold 
nanoparticles are used in cancer treatments because nanoshells and nanorods 
absorb near IR and heat up rapidly killing the tumor cells (56).  
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Chapter 4: Experimental Methods 
 
4.1 Synthesis  
 
Different methods were followed in order to find the cheapest and the easiest 
method for synthesizing gold, silver and gold-silver nanoparticles, and to find the 
most suitable and accurate method for detecting and quantifying glucose levels.  
Generally, nanoparticles are synthesized using a reduction method. A reducing 
agent is used to reduce silver and gold. In wet chemistry methods, trisodium 
citrate is used as a reducing agent, while in green synthesis method’s curcumin, 
hibiscus, gripe water, coffee, tea and glucose are used as reducing agents. 
General chemical reactions for gold and silver are given below.  
Ag
+
+ reducing agent→ Ag0 
Au
+3
+ 3e-→ Au 
Gold-silver/core-shell (Au-Ag) nanoparticles are made of gold core surrounded 
by silver shell. General chemical reaction for gold-silver/core-shell (Au-Ag) 
nanoparticles is given below (57)  
3Ag + AuCl4
-
→ Au + 3Ag-+ 4Cl-     
The glucose concentrations used were less than 30 mM in order to prevent 
saturation as glucose is capped at the surface of nanoparticles and a limited 
amount of surface area is available. At a higher glucose concentration excess 
glucose will not be able to interact with nanoparticles surface (58). In some 
synthetic methods, the size of the nanoparticles increases linearly with glucose 
concentration, as explained in (59). In other methods as the concentration of 
glucose increases, nanoparticles with smaller sizes are synthesized, as 
explained in (58). The size and the shape of the nanoparticles are dependent on 
the nature and the concentration of the capping agents and other factors like the 
solvent used and the pH value. Nanoparticle’s size affects the surface plasmon 
resonance band, whereas the size of the nanoparticles increases, the SPR band 
absorbance increases and peak position shifts towards longer wavelengths (red 
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shift) (60). Furthermore, according to Unser, et al.  (58), as the size of the 
nanoparticles decreases, the SPR band absorbance decreases and peak 
position shifts to shorter wavelengths (blue shift). Capping agents stabilize and 
restrict the growth of the nanoparticles. Thus as the concentration of the capping 
agent   increases, nanoparticles with smaller sizes obtained. (61). In some cases 
glucose acts as a capping agent, in such cases negative relation between the 
absorbance/peak position shift (blue shift) of the surface plasmon resonance 
band and the glucose concentration is observed.  
 
 
4.1.1 Preparation of Silver Nanoparticles 
  
Green Synthesis  
 
Synthesis of silver nanoparticles (AgNPs) using glucose and starch:  
 
Silver nanoparticles were synthesized by mixing 200 μL of 0.1 M AgNO
3
 with 500 
μL of 0.1 M glucose in a flask. Then 10 mL of 0.2 % starch was added. The 
solution was heated to boiling temperature and left boiling for 10 minutes. Color 
changed to yellow, and it was allowed to cool to room temperature. 
2AgNO3 + C6H12O6 + H2O → 2Ag + 2HNO3+ C6H12O7 
In this reaction, silver is reduced by glucose forming silver metals. Formed silver 
nanoparticles are coated by starch to prevent aggregation (62).  
 
Synthesis of silver nanoparticles (AgNPs) using coffee and tea:  
 
Both coffee and tea consist of caffeine and polyphenols. Caffeine and 
polyphenols act as reducing and capping agents. Silver is reduced by coffee or 
tea and nanoparticles are formed. Then both the coffee and tea act as a capping 
and stabilizing agent to prevent aggregation (63).  
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Silver nanoparticles were synthesized using coffee, by dissolving 0.4 g of 
coffee (Nescafe Red Mug) in 50 mL of water and adding 10 mL of coffee extract 
to 2 mL of 0.1 M AgNO
3
. The mixture was shaken and left in room temperature 
to settle. 
The same procedure was used for the synthesis of silver nanoparticles 
using tea, by boiling 1 g of tea (Ahmed Tea English Breakfast) in 50 mL of water 
and filtering it using 25 μL Teflon filter. Add 10 mL of tea extract to 2 mL of 0.1 
M AgNO
3
. The mixture was shaken and left in room temperature to settle.  
 
Synthesis of silver nanoparticles (AgNPs) using hibiscus: 
 
Three different methods were used to synthesize silver nanoparticles using 
hibiscus. The reduction of silver nitrate and silver nanoparticles formation is 
carried out at a pH 6.8.  
Hibiscus leaves (1 g) washed and boiled in 10 mL of distilled water for 5 
minutes. The extract is centrifuged at 1000 rpm for 5 minutes. Using Whatman 
No.1 filter paper the solution was filtered. The resulting extract (0.6 mL) of 
hibiscus extract was mixed with 30 mL of 5 mM AgNO
3
. The mixture stirred for 2 
minutes at 30 ℃. A reddish solution obtained after 40 minutes [Fig. 4.1] (64). 
 
 
 
 
 
 
 
 
 
 
Another method was used to synthesize silver nanoparticles using 
hibiscus. A sample was prepared by stirring 20 g of hibiscus in 200 mL of water 
Figure 4.1: Silver 
nanoparticles 
synthesized using 
hibiscus. 
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for 30 minutes and filtering the extract. Then 2 mL of hibiscus extract was 
vigorously stirred with 2.5 mL of 0.8 mM AgNO
3
 for 1 minute. NaOH was used to 
adjust the pH to 6.8. The color of the solution turned into golden yellow (65).  
In third method the hibiscus extract was prepared by boiling 1 g of hibiscus 
in 10 mL of water, then filtering and centrifuging at 6000 rpm for 20 minutes. A 
hibiscus extract (2 mL) was mixed with 18 mL of 1 mM AgNO
3
 and stirred 
overnight. Color changed from brown to red [Fig. 4.2] (66).  
 
 
 
 
 
 
 
 
 
 
Synthesis of silver nanoparticles (AgNPs) using curcumin: 
 
In this method, 0.019 g of curcumin was dissolved in 1 mL of ethanol and distilled 
water added to a volume of 15 mL. Then 10 mL of 1 mM AgNO
3
 were mixed with 
2 mL of curcumin and placed in an oven at a temperature of 90 ℃ for 120 minutes. 
In this reaction, the keto-enol group of curcumin reduced silver into silver 
nanoparticles and act as capping agent (67).  
 
Synthesis of silver nanoparticles (AgNPs) using glucose and gelatin: 
 
Silver nanoparticles were synthesized using glucose and gelatin. To prepare a 1 
M AgNO
3
, 1.7 g of AgNO
3
 were dissolved in 10 mL of distilled water. 1.5 mL of 
1% wt. gelatin, 10 mL of 1 M AgNO
3
 and 0.5 mL of 1 M NaOH were added in a 
Figure 4.2: Silver 
nanoparticles 
synthesized using 
hibiscus. 
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flask. The mixture was heated to 50 ℃ using a preheated hot plate. Heating was 
continued to boiling for about 1.10 – 1.55 minutes. A dark brown color was 
observed. Following that 10 mL of glucose (0.001, 0.01, 0.1, 1, 5, 10 and 20 mM) 
was added to the solution and heating continued until it boils for about 1.10 – 
1.50 minutes. Then the solution was allowed to cool to room temperature. Finally 
the mixture was centrifuged at 6,000 rpm for 5 minutes.  
Ag
+
+ gel → [Ag(gel)]+ 
2[(Ag(gel)+] + 2OH- + C5H11O5-CHO → 2Ag + 2gel + H2O + C5H11O5 
In this reaction, a gelatinous complex is formed after mixing silver with gelatin. 
The silver ions in the gelatinous complex are reduced by glucose and react with 
OH
-
 to form silver nanoparticles. At the same time, glucose is oxidized forming 
gluconic acid (68).  
 
 
 
 
 
 
 
 
Synthesis of silver nanoparticles (AgNPs) using gripe water: 
 
Silver nanoparticles was prepared by mixing 6 mL of 0.6 mM AgNO
3
 with 10 mL 
of gripe water. Gripe water acts as a reducing and a stabilizing agent. The 
solution stirred for 22 hours, and the color changed to a yellowish color [Fig. 4.4] 
(69). This method was successful for synthesizing nanoparticles, but not 
successful in the detection of glucose due to instability of the produced silver 
nanoparticles and may be due to the existence of different compounds in gripe 
water.  
 
Figure 4.3: Silver nanoparticles synthesized using different concentrations of 
glucose and gelatin. 
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Wet chemistry  
 
Synthesis of silver nanoparticles (AgNPs) using trisodium citrate: 
 
In this method, 0.0849 g of AgNO
3
 was dissolved in 500 mL of water, and the 
solution heated to boiling. 5 mL of 1 % trisodium citrate was added dropwise while 
the solution was mixing vigorously. The mixture was left on a hot plate for two 
hours. A greenish solution was observed (70) as shown in Fig. 4.5. Then the 
prepared silver nanoparticles were mixed with different concentrations of glucose 
(2, 6, 10, 15, 20 and 30 mM).  
 
 
 
 
 
In this reaction, silver nitrate is reduced by trisodium citrate to form silver 
nanoparticles (71).  
4Ag
+
+ C6H5O7Na3 + 2H2O → 4Ag
0
+ C6H5O7H3 + 3Na
+
+ H++ O2↑ 
 
Synthesis of silver nanoparticles (AgNPs) using AgNO
3
, glucose and NaOH: 
 
2 mM AgNO
3
 was prepared by dissolving 1.7 mg of AgNO
3
 in 5 mL of distilled 
water. In this method, 500 μL of different glucose concentrations (1, 2, 4, 7, 9, 
10, 20 and mM) were mixed with 10 μL of 1 M NaOH while vortexing. After 10 
seconds, 500 μL of 2 mM AgNO
3 
was added. Color changes within 1 minute, and 
Figure 4.5: Silver nanoparticles synthesized using trisodium 
citrate and mixed with different concentrations of glucose. 
Figure 4.4: Silver nanoparticles synthesized using 
gripe water. 
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vortexing continued to ensure reaction completion (58). The yellowish color 
observed and as glucose concentration increases, a darker yellow color is 
observed as shown in Fig. 4.6. 
 
 
 
 
 
 
 
 
 
 
4.1.2 Preparation of Gold Nanoparticles  
 
Green Synthesis 
 
Synthesis of gold nanoparticles (AuNPs) using curcumin:  
 
In this method, 3.68 mg of curcumin were dissolved in 2 mL of 10 mM NaOH and 
volume raised to 10 mL using distilled water.1 mM of HAuCl4 was prepared by 
dissolving 2.4 mg of HAuCl4 in 6 mL of distilled water. 6 mL of 1 mM HAuCl4 was 
added to 8 mL of water. Then 6 mL of curcumin was added to the mixture 
dropwise. The mixture was allowed to stir for 2 hours and color changed from 
yellow to red [Fig. 4.8]. As Shown in Fig. 4.7 in this reaction gold chloride is 
reduced by curcumin carbonyl group. Curcumin functional groups such as 
hydroxyl and carbonyl stabilize gold nanoparticles. Gold nanoparticles 
synthesized using curcumin are stable for three months (72).  
Figure 4.6: Silver nanoparticles synthesized using AgNO
3
, 
different concentrations of glucose and NaOH. 
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According to Sindhu, et al. (73) this reaction [Fig 4.9] consists of six steps:  
1) Deprotonation: curcumin form Cur
-3
due to hydrogen dissociation from its 
hydroxyl and α-hydrogen’s groups. 
2) Reduction: Au
+3
 is recued to Au
0
 by curcumin O
-
 electrons.  
3) Nucleation: Au
0
 atoms nucleates and form clusters.  
4) Growth: bigger clusters are formed as more Au
0
 atoms added to the surface.  
5) Cleavage: clusters size leads to instability and it cleaves into smaller 
fragments. 
6) Maturation: spherical and solid curcumin conjugated gold nanoparticles are 
formed (73).  
Figure 4.8: Gold 
nanoparticles 
synthesized using 
curcumin. 
Figure 4.7: Formation mechanism of gold 
nanoparticles synthesized using curcumin 
(70). 
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Synthesis of gold nanoparticles (AuNPs) using starch and glucose:  
 
For the preparation of 0.5 mM  HAuCl4, 1 mg of HAuCl4 were dissolved in 5 mL 
of distilled water. To synthesize gold nanoparticles, 5 mL of 0.5 mM HAuCl4, 5 
mL of glucose of different concentrations (1, 5, 10, 15 and 20 mM), 5 mL of 0.6 
% starch and 20 mL of phosphate (KH2PO4 pH 7) buffer were mixed. The mixture 
was heated in an oven for 1 – 2 hours at 80 ℃. In this reaction gold was reduced 
from Au
+3
 to Au
0 by glucose, starch and phosphate buffer (74).  
 
 
 
 
 
 
Figure 4.10: Gold nanoparticles synthesized 
using starch and glucose mixed with different 
concentrations of glucose. 
Figure 4.9: Synthesis mechanism of Curcumin conjugated gold 
nanoparticles (68). 
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Synthesis of gold nanoparticles (AuNPs) using glucose and gelatin: 
 
This method is the best, easiest and most accurate. The procedure is a 
modification of method [silver nanoparticles (AgNPs) synthesized using glucose 
and gelatin]. 10 mM HAuCl4 was prepared by dissolving 19.7 mg of HAuCl4 in 5 
mL of distilled water.  In a test tube, 68.4 μL of 1% wt. gelatin, 22.8 μL of 1 M 
NaOH, 454.6 μL of glucose (1, 2, 3, 5, 6, 7, 9, 11, 12 and 14 mM) and 454.6 μL 
of 10 mM HAuCl4 were added respectively. Then the test tube placed in the 
center of the microwave [Samsung – Model: ME6124ST]. The mixture was 
heated for 30 seconds at low power (power 2) and allowed to cool to room 
temperature for further analysis. A color change is observed, from colorless to 
red indicating the formation of gold nanoparticles. As shown in Fig. 4.11 red color 
varies depending on the glucose concentration. As the glucose concentration 
increases, a darker red color is obtained.  In this reaction, glucose reduces gold 
chloride to gold atoms, while gelatin stabilizes them.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11: Gold nanoparticles Synthesized using different concentration of 
glucose and gelatin. 
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Wet chemistry  
 
Synthesis of gold nanoparticles (AuNPs) using trisodium citrate:  
 
For the preparation of 1 mM HAuCl4, 7.9 mg of HAuCl4 were dissolved in 20 mL 
of distilled water. 20 mL of 1 mM HAuCl4 was stirred and heated to boiling. Then 
2 mL of 1 % trisodium citrate was added. The solution was left boiling until the 
color changes to deep red [Fig. 4.12]. Gold is reduced from Au
+3
 to Au0 by 
trisodium citrate (75). Chemical equation is given below (76) 
Au
+3
+ 3e-→ Au 
2HAuCl4+ 4Na3C6H5O7 → H2+2Au
0
+ 4CO2+ 4NaC5H5O5+ 8NaCl    
 
 
 
 
 
Synthesis of gold nanoparticles (AuNPs) using glucose, NaOH and HAuCl4:  
 
0.2 mM of  HAuCl4 was prepared by dissolving 0.4 mg of HAuCl4 in 5 mL of 
distilled water. In this method, 500 μL of glucose (1, 2, 3.5, 4.5 and 5.5) placed in 
a small tube, then 10 μL of 1 M NaOH was added to it while vortexing. After 10 
seconds 500 μL of 0.2 mM HAuCl4 was added. A color change was observed 
within 1 minute and vortexing continued for another 10 seconds to ensure a 
completed reaction. Sample with lower glucose concentration the color changed 
into purple, while higher glucose concentration samples color changed to red 
[Fig. 4.13]. In this reaction, glucose is used to reduce gold ions into gold 
nanoparticles and as a capping agent to prevent aggregation (58).  
Figure 4.12: Gold nanoparticles synthesized 
using trisodium citrate. 
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4.1.3 Preparation of Gold-Silver (Au-Ag/core-shell) Nanoparticles  
 
Green Synthesis 
 
Synthesis of gold-silver nanoparticles (Au-Ag/core-shell NPs) using gripe water:  
 
Gripe water causes successive reduction of HAuCl4and AgNO3 , resulting the 
formation of gold-silver nanoparticles. Nanoparticles are stabilized by sodium 
benzoate, sodium methyl paraben, sodium propylparaben and bronopol that is 
present in gripe water, while Au and Ag nanoparticles are reduced by sodium 
bicarbonate and sucrose (77). For gold-silver nanoparticles synthesis 2 mL of 0.3 
mM HAuCl4 stirred in a flask. In another flask 2 mL of 0.3 mM AgNO3 mixed with 
10 mL gripe water. Under continuous stirring the mixture was added to HAuCl4 
and stirred for 1 hour [Fig 4.14]. Same method was repeated but the mixture was 
stirred for 22 hours [Fig. 4.15]. This method was successful for synthesizing 
nanoparticles, but not successful in the detection of glucose due to instability of 
the produced gold-silver nanoparticles and may be due to the existence of 
different compounds in gripe water.   
Figure 4.13: Gold nanoparticles 
synthesized using different 
concentrations of glucose, NaOH 
and HAuCl4. Left is lower glucose 
concentration and right is higher 
glucose concentration. 
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Synthesis of gold-silver nanoparticles (Au-Ag/core-shell NPs) using AgNO
3
, 
HAuCl4 and glucose:  
 
In this method, 500 μL of glucose (different concentrations 1 - 30 mM) were 
placed in small tube and 10 μL of 1 M NaOH was added while vortexing. After 10 
seconds 200 μL of 0.2 mM AgNO
3
 and 200 μL of 0.2 mM HAuCl4 were added to 
the mixture. After 5 – 60 seconds the color changes to pinkish (58) as shown in 
Fig. 4.16. Different glucose concentrations were used.  
 
 
 
 
 
Wet chemistry  
 
Synthesis of gold-silver nanoparticles (Au-Ag/core-shell NPs) 
using HAuCl4, AgNO3, NaOH and L-ascorbic acid: 
 
This method consists of two steps. First 0.5 mM of HAuCl4 was prepared by 
dissolving 0.02 g of HAuCl4 in 100 mL of distilled water. Gold nanoparticles were 
synthesized by boiling 95 mL of 0.5 mM HAuCl4 at 60 ℃, followed by adding 5 
mL of 0.5 % trisodium citrate and boiling continues for another 15 minutes.  100 
mM AgNO
3
 was prepared by dissolving 0.085 g AgNO
3
 in 5 mL of water. Next 
Figure 4.14: Gold-silver nanoparticles 
synthesized using gripe water, stirred for 1 hour. 
Figure 4.15: Gold-silver nanoparticles 
synthesized using gripe water, stirred for 22 
hours. 
Figure 4.16: Gold-silver nanoparticles using AgNO
3
, 
HAuCl4 and different concentration of glucose. 
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step was the mixing of 10 mL of gold nanoparticles, 60 μL of 100 mM L-ascorbic 
acid, 15 μL of 100 mM AgNO
3
and 75 μL of 100 mM NaOH to increase the pH. 
The mixture allowed to stir for 30 minutes. The L-ascorbic acid, AgNO
3
 and NaOH 
were added 3 times every 30 minutes. Finally, the solution was centrifuged at 
1800 rpm, a temperature of 22 ℃ for 20 minutes and filtered (78). Gold-silver 
nanoparticles were mixed with different concentration of glucose 1, 2, 3, 4 and 5 
mM.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17: Gold-silver nanoparticles 
synthesized using HAuCl4, AgNO3, 
NaOH and L-ascorbic acid. 
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4.2 Characterization 
 
Following the synthesis of nanoparticles, the characterization was performed by 
recording absorption spectra, which gives information about the surface plasmon 
resonance band (SPR), sizes and shapes of the nanoparticles.  UV-Vis 
spectrometer Shimadzu UV-1800 was used to record absorption spectra of the 
samples. Due to nanoparticles unique optical properties, UV-Vis spectroscopy 
may be used to identify the types of the synthesized nanoparticles. Where 
nanoparticles synthesized from particular metals, interact strongly with specific 
wavelengths of light, resulting a surface plasmon resonance band centered at 
specific wavelength (79). Silver nanoparticles surface plasmon resonance peak 
ranges from 400 to 530 nm (80), while for gold nanoparticles surface plasmon 
resonance peak ranges from 515 to 570 nm depending on the size of the 
nanoparticles (81). Surface plasmon resonance band is also dependent on the 
shape of the nanoparticles. Spherical nanoparticles exhibit a surface plasmon 
resonance band of only one peak, while the surface plasmon resonance band of 
non-spherical shapes such as rod nanoparticles exhibits two peaks. For non-
spherical nanoparticles the resonance wavelength depends on the orientation of 
the particle relative to the orientation of the electric field. Therefore, a collection 
of nanoparticles can show longitudinal and transvers plasmon resonances (82). 
Transmission electron microscopy (TEM) was used to confirm the formation of 
nanoparticles and their shapes. ImageJ 1.5g software was used to determine the 
size distribution of nanoparticles from the TEM images. Mie plot software also 
used to estimate the diameter of the nanoparticles by comparing the theoretical 
and the experimental absorption spectra. 
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4.2.1 Silver Nanoparticles 
 
Silver nanoparticles (AgNPs) synthesized using curcumin: 
 
[Fig. 4.18] shows the absorption spectrum of the silver nanoparticles that were 
synthesized using curcumin as a reducing agent [section 4.1.1]. The formation of 
nanoparticles was confirmed by the presence of a surface plasmon resonance 
band centered at 433 nm (black line). The absorption spectrum of the sample 
was taken after one day shows a different absorption peak and a spectrum 
broadening (red line). This indicates the existence of silver nanoparticles with 
different size distribution or nanoparticles aggregation, which may be due to 
curcumin’s low stability (67). 
 
 
 
 
 
 
 
 
 
 
 
 
[Fig. 4.19] is the TEM images of silver nanoparticles. The size distribution of 
nanoparticles was analyzed using ImageJ 1.5g, software. This is performed by 
converting pixels on the TEM images into nanometers by applying the scale of 
the image. Each nanoparticle was marked manually. Polydisperse silver 
nanoparticles were observed, and the diameter was found to range between 3.5 
– 44 nm, with a high yield of size 16.8 nm. 
Figure 4.18: UV-Vis absorption spectra of silver 
nanoparticles prepared using curcumin. λmax=433 nm. 
The arrow indicates the reference point for the 
determination of the height of the absorbance. 
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Silver nanoparticles (AgNPs) synthesized using trisodium citrate: 
 
[Fig. 4.21] shows the absorption spectrum of the silver nanoparticles that were 
synthesized using trisodium citrate as a reducing agent and mixed with different 
concentrations of glucose (2, 6, 10, 20 and 30 mM) [section 4.1.1]. The formation 
of nanoparticles was confirmed by the presence of a surface plasmon resonance 
band centered at 420 nm (black line). The absorption spectrum of the sample 
was taken each day for five days and no peak broadening was observed, which 
indicates silver nanoparticles stability [Fig. 4.20]. [Fig. 4.22] demonstrates a linear 
inverse proportional relation between the absorbance of silver nanoparticles 
surface plasmon resonance (SPR) band with glucose concentration. A small shift 
in surface plasmon resonance band peak position towards shorter wavelengths 
(blue shift) is observed as the concentration of glucose increases [Fig. 4.23]. This 
may be due to different sizes of nanoparticles as shown in TEM images [Fig. 
4.24]. Negative correlation between the absorbance/peak position shift of silver 
nanoparticles surface plasmon resonance (SPR) band and the glucose 
concentration indicates that the size of the nanoparticles decreases as the 
concentration of glucose increases [refer to section 4.1]. Hence, both absorbance 
and peak position of silver nanoparticles surface plasmon resonance (SPR) band 
can be used for the determination of glucose concentrations.  
Figure 4.19: TEM image and corresponding size distribution histogram of silver nanoparticles synthesized using 
curcumin. 
50 nm 50 nm 
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[Fig. 4.24] is the TEM images of silver nanoparticles. The size distribution of 
nanoparticles was analyzed using ImageJ 1.5g, software. This is performed by 
converting pixels on the TEM images into nanometers by applying the scale of 
the image. Each nanoparticle was marked manually. Polydisperse silver 
nanoparticles were observed, and the diameter was found to range between 3.5 
– 50 nm, with a high yield of size 3.6 nm. 
Figure 4.21: UV-Vis absorption spectra of silver 
nanoparticles synthesized using trisodium citrate mixed 
with different glucose concentrations at λmax=420 nm. 
The arrow indicates the reference point for the 
determination of the height of the absorbance. 
Figure 4.20: UV-Vis absorption spectrums of silver 
nanoparticles synthesized using trisodium citrate for five 
days. 
Figure 4.22: UV-Vis absorption spectra of silver 
nanoparticles synthesized using trisodium citrate 
changes in absorbance at different glucose 
concentrations.  
Figure 4.23: UV-Vis absorption spectra of silver 
nanoparticles synthesized using trisodium citrate 
changes in peak wavelength at different glucose 
concentrations. 
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Silver nanoparticles (AgNPs) synthesized using glucose and gelatin: 
 
[Fig. 4.25] shows the absorption spectrum of the silver nanoparticles that were 
synthesized using glucose (1, 5, 10 and 20 mM) as a reducing agent [section 
4.1.1]. The formation of nanoparticles was confirmed by the presence of a surface 
plasmon resonance band centered at 400 nm. The absorption spectrum of a 
sample was taken each day for five days and a small peak broadening observed, 
which indicates the existence of silver nanoparticles with different size distribution 
or nanoparticles aggregation (blue line) [Fig. 4.26]. As shown in [Fig. 4.27] the 
peak position of silver nanoparticles surface plasmon resonance (SPR) band 
shifts towards shorter wavelengths (blue shift) as the concentration of glucose 
increases. This indicates that the size of the nanoparticles decreases as the 
concentration of glucose increases [refer to section 4.1]. Therefore, the peak 
position (shift) of silver nanoparticles surface plasmon resonance (SPR) band 
can be used for the determination of glucose concentrations.  
 
Figure 4.24: TEM image and corresponding size distribution histogram of silver nanoparticles synthesized using 
trisodium citrate. 
50 nm 50 nm 
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[Fig. 4.28] is the TEM images of silver nanoparticles. The size distribution of silver 
nanoparticles was analyzed using ImageJ 1.5g, software. This is performed by 
converting pixels on the TEM images into nanometers by applying the scale of 
the image. Each nanoparticle was marked manually. Polydisperse silver 
Figure 4.25: UV-Vis absorption spectra of silver 
nanoparticles synthesized with different glucose 
concentrations and gelatin. The arrow indicates the 
reference point for the determination of the height of the 
absorbance. 
Figure 4.26: UV-Vis absorption spectrums of silver 
nanoparticles synthesized using 5mM glucose and 
gelatin after five days. 
Figure 4.27: UV-Vis absorption spectra of silver 
nanoparticles synthesized using different glucose 
concentrations and gelatin changes in absorbance. 
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nanoparticles were observed and the diameter was found to range between 4 – 
15 nm, with a high yield of size 4 nm. 
 
 
 
 
Silver nanoparticles (AgNPs) synthesized using AgNO
3
, glucose and NaOH: 
 
[Fig. 4.30] shows the absorption spectrum of the silver nanoparticles that were 
synthesized using glucose (1, 2, 4, 7, 9, 10, 20 mM) as a reducing agent [section 
4.1.1]. The formation of nanoparticles was confirmed by the presence of a surface 
plasmon resonance band centered in the range of 404 - 428 nm depending on 
the concentration of glucose. [Fig. 4.29] demonstrates a linear inverse 
proportional relation between the peak position (blue shift) of silver nanoparticles 
surface plasmon resonance (SPR) band and the glucose concentration, this 
indicates that as the concentration of glucose increases, the size of the 
nanoparticles decreases [refer to section 4.1]. Thus, the peak position (shift) of 
silver nanoparticles surface plasmon resonance (SPR) band can be used for the 
determination of glucose concentrations.  
 
Figure 4.28: TEM image and corresponding size distribution histogram of silver nanoparticles synthesized using 8 mM 
glucose and gelatin. 
20 nm 20 nm 
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Mie plot software was used to estimate the diameter of silver nanoparticles 
synthesized using 1 mM of glucose. The procedure was performed as described 
in (83). The position of the surface plasmon resonance peak depends on the 
diameter of nanoparticles. A number of calculations were performed at different 
diameters of nanoparticles and the calculated data (theoretical) was compared 
and fitted to the experimental absorption data using Origin9 software. From the 
fit, the size of silver nanoparticles was measured and found to be 65 nm [Fig. 
4.31]. This may not be the real value due to the existence of nanoparticles with 
different sizes in the synthesized sample. In Fig 4.31, the first sharp peak at 377 
nm corresponds to the quadrupole plasmon resonance (small particles), while 
the second peak at 428 nm corresponds to the dipole plasmon resonance (83).   
 
Figure 4.29: UV-Vis absorption spectra of silver 
nanoparticles synthesized using different glucose 
concentrations, NaOH and AgNO
3
. The arrow indicates 
the reference point for the determination of the height of 
the absorbance. 
Figure 4.30: UV-Vis absorption spectra of silver 
nanoparticles synthesized using different glucose 
concentrations, NaOH and AgNO
3
 changes in peak 
wavelength. 
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4.2.2 Gold Nanoparticles  
 
Gold nanoparticles (AuNPs) synthesized using trisodium citrate: 
 
[Fig. 4.33] shows the absorption spectrum of the gold nanoparticles that were 
synthesized using trisodium citrate as a reducing agent and mixed with different 
concentrations of glucose (1, 3, 6, 8 and 10 mM) [section 4.1.2]. The formation 
of nanoparticles was confirmed by the presence of a surface plasmon resonance 
band centered at 517 nm (black line). No peak broadening was observed for three 
days which indicates gold nanoparticles stability [Fig. 4.32]. [Fig. 4.34] 
demonstrates a linear inverse proportional relation between the absorbance of 
gold nanoparticles surface plasmon resonance band and the glucose 
concentration, this indicates that as the concentration of glucose increases, the 
size of the nanoparticles decreases [refer to section 4.1]. Therefore, the 
absorbance of gold nanoparticles surface plasmon resonance band can be used 
for the determination of glucose concentrations.  
 
 
Figure 4.31: Comparison of theoretical and experimental 
absorption spectrums of silver nanoparticles synthesized 
using 1mM glucose, NaOH and AgNO
3
. 
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[Fig. 4.35] is the TEM images of gold nanoparticles. The size distribution of 
nanoparticles was analyzed using ImageJ 1.5g, software. This is performed by 
converting pixels on the TEM images into nanometers by applying the scale of 
the image. Each nanoparticle was marked manually. Spherical monodisperse 
Figure 4.32: UV-Vis absorption spectra of gold 
nanoparticles synthesized with trisodium citrate and 
mixed with glucose. The arrow indicates the reference 
point for the determination of the height of the 
absorbance. 
Figure 4.33: UV-Vis absorption spectrums of gold 
nanoparticles synthesized using trisodium citrate for 
three days. 
Figure 4.34: UV-Vis absorption spectra of gold 
nanoparticles synthesized using trisodium citrate 
changes in absorbance at different glucose 
concentrations. 
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gold nanoparticles were observed and the diameter was found to range between 
9 – 23 nm, with a high yield of size 12.5 nm. 
 
 
Mie plot software was used to determine the diameter of gold nanoparticles by 
comparing theoretical and experimental absorption spectra. From the fit the 
diameter of gold nanoparticles was measured and found to be 10 nm [Fig. 4.36]. 
The diameter measured using Mie plot software (10 nm) is close to the real 
diameter (12.5 nm) found In TEM images.  
 
 
 
 
 
 
 
 
 
 
 
 
X-ray diffraction (XRD) was used to investigate the presence and the formation 
of gold nanoparticles. XRD was operated at 10 kV. As shown in Fig. 4.37, the 
Figure 4.35: TEM microscope image and corresponding size distribution histogram of gold nanoparticles synthesized 
using trisodium citrate. 
Figure 4.36: Comparison of theoretical and experimental 
absorption spectrums of gold nanoparticles synthesized 
using trisodium citrate. 
100 nm 100 nm 
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XRD pattern verifies the presence of gold (Au) and other elements such as 
carbon (C), nitrogen (N), sodium (Na), oxygen (O) and chlorine (Cl). XRD was 
direct evidence for the formation of gold nanoparticles.  XRD was done only for 
this sample because of unavailability of the equipment in RCSI-Bahrain and 
difficulties to get an access to the instrument in other institutes in region.      
 
 
 
 
 
 
 
 
 
 
 
Gold nanoparticles (AuNPs) synthesized using curcumin: 
 
 
[Fig. 4.38] shows the absorption spectrum of the gold nanoparticles that were 
synthesized using curcumin as a reducing agent [section 4.1.2]. The formation of 
nanoparticles was confirmed by the presence of a surface plasmon resonance 
band centered at 530 nm. For glucose detection refer to z-scan [section 5.3.2]. 
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Figure 4.37: XRD pattern of gold nanoparticles synthesized using trisodium citrate. 
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[Fig. 4.39] is the TEM images of gold nanoparticles. The size distribution of 
nanoparticles was analyzed using ImageJ 1.5g, software. This is performed by 
converting pixels on the TEM images into nanometers by applying the scale of 
the image. Each nanoparticle was marked manually. Polydisperse gold 
nanoparticles with different shapes were observed such as spherical, rod, 
diamond and triangular. The diameter was found to range between 13 – 33 nm, 
with a high yield of size 20 nm (by considering the particles to be spherical).  
 
 
 
Figure 4.38: UV-Vis absorption spectra of gold 
nanoparticles synthesized using curcumin. 
Figure 4.39: TEM image and corresponding size distribution histogram of gold nanoparticles synthesized using 
curcumin. 
50 nm 50 nm 
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Gold nanoparticles (AuNPs) synthesized using glucose and gelatin: 
 
[Fig. 4.41] shows the absorption spectrum of the gold nanoparticles that were 
synthesized using glucose (1, 2, 3, 5, 6, 7, 9, 11, 12 and 14 mM) as a reducing 
agent and gelatin as a capping agent [section 4.1.2]. The formation of 
nanoparticles was confirmed by the presence of a surface plasmon resonance 
band centered at 526 nm. [Fig. 4.40] demonstrates a linear proportional relation 
between the absorbance of gold nanoparticles surface plasmon resonance band 
and the glucose concentration. This indicates that as the concentration of glucose 
increases, nanoparticles size increases [refer to section 4.1]. Therefore, the 
absorbance of gold nanoparticles surface plasmon resonance band can be used 
for the determination of glucose concentrations. 
 
 
 
 
 
[Fig. 4.43] and [Fig. 4.42] are the TEM images of gold nanoparticles synthesized 
using glucose 8 mM and 14 mM. The size distribution of nanoparticles was 
analyzed using ImageJ 1.5g software. This is performed by converting pixels on 
Figure 4.41: UV-Vis absorption spectra of gold 
nanoparticles synthesized using different glucose 
concentrations and gelatin. The arrow indicates the 
reference point for the determination of the height of the 
absorbance. 
Figure 4.40: UV-Vis absorption spectra of gold 
nanoparticles synthesized using different glucose 
concentrations and gelatin changes in absorbance. 
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the TEM images into nanometers by applying the scale of the image. Each 
nanoparticles was marked manually. Polydisperse gold nanoparticles 
synthesized using 8 mM of glucose were observed, and the diameter was found 
to range from 3 – 28 nm with a high yield of size 3.7 nm. Polydisperse gold 
nanoparticles synthesized using 8 mM of glucose were observed, and the 
diameter was found to range 8 – 22 nm with a high yield of size 9 nm. Larger 
nanoparticles are synthesized as the concentration of glucose increases. Shades 
observed around the gold nanoparticles is that of gelatin.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.42: TEM image and corresponding size distribution histogram of gold nanoparticles synthesized using 8 
mM glucose and gelatin. 
Figure 4.43: TEM image and corresponding size distribution histogram of gold nanoparticles synthesized using 14 
mM glucose and gelatin. 
50 nm 50 nm 
50 nm 50 nm 
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Gold nanoparticles (AuNPs) synthesized using glucose, NaOH and HAuCl4: 
 
[Fig. 4.44] shows the absorption spectrum of the gold nanoparticles that were 
synthesized using glucose (1, 2, 3.5, 4.5 and 5.5 mM) as a reducing agent 
[section 4.1.2]. The formation of nanoparticles was confirmed by the presence of 
a surface plasmon resonance band centered in the range of 545 – 565 nm 
depending on glucose concentration. [Fig. 4.45] demonstrates a linear inverse 
proportional relation between the peak position of gold nanoparticles surface 
plasmon resonance (SPR) band and the glucose concentration. Peak position of 
SPR band shifts towards shorter wavelengths (blue shift) as the concentration of 
glucose increases. This indicates that as the concentration of glucose increases, 
the size of nanoparticles decreases [refer to section 4.1]. Thus, the peak position 
(shift) of SPR band can be used for the determination of glucose concentrations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
According to Mie plot software by comparing theoretical and experimental 
absorption spectra. From the fit the diameter of gold nanoparticles synthesized 
using 1 mM of glucose was found to be 95 nm [Fig. 4.46]. This may not be the 
real value due to the existence of nanoparticles with different sizes and shapes 
in the synthesized sample.   
Figure 4.44: UV-Vis absorption spectra of gold 
nanoparticles synthesized using different concentrations 
of glucose, NaOH and HAuCl4. The arrow indicates the 
reference point for the determination of the height of the 
absorbance. 
Figure 4.45: UV-Vis absorption spectra of gold 
nanoparticles synthesized using different concentrations 
of glucose, NaOH and HAuCl4 changes in peak 
wavelength. 
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4.2.3 Gold-Silver (Au-Ag/core-shell) Nanoparticles 
 
Gold-silver nanoparticles (Au-Ag/core-shell NPs) synthesized 
using HAuCl4, AgNO3, NaOH and L-ascorbic acid: 
 
[Fig. 4.47] shows the absorption spectrum of gold-silver nanoparticles that were 
synthesized using HAuCl4, AgNO3, NaOH and L-ascorbic acid [section 4.1.3]. 
The formation of nanoparticles was confirmed by the presence of a surface 
plasmon resonance band centered at 385 & 487 nm (black line). The peak at 385 
nm corresponds to silver nanoparticles, while the peak at 487 nm corresponds to 
silver-coated gold nanoparticles (84). The appearance of both longitudinal and 
transverse plasmon bands indicates that rod-shaped nanoparticles are 
synthesized. This corresponds to electron oscillations along the long or the short 
axis of the rod (85). Peak broadening was observed (red line) after three days 
which indicates the existence of gold-silver nanoparticles with different size 
distribution or nanoparticles aggregation. For glucose detection refer to z-scan 
section [5.3.3]. 
 
Figure 4.46: Comparison of theoretical and experimental 
absorption spectrums of gold nanoparticles synthesized 
using 1mM glucose, NaOH and HAuCl4. 
  
- 71 - 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.47: UV-Vis absorption spectra of gold-silver 
nanoparticles synthesized using HAuCl4, AgNO3, NaOH 
and L-ascorbic acid (black line) and UV-Vis absorption 
spectra after three days (red line). The arrow indicates 
the reference point for the determination of the height of 
the absorbance. 
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Chapter 5: Nonlinear Optics (NLO) 
 
As Geetha (1998) says, “Nonlinear optics is a field that involves the study of 
modification of a suitable optical system by the presence of intense 
electromagnetic radiation”. Optical properties of materials are not affected by low 
intensities of light, while sufficiently intense light such as laser light, modify the 
optical properties of materials according to the intensity and other characteristics 
of light. Light wave’s interaction with each other within a medium may occur, but 
high intensities are required (86). Nonlinear optics field evolution started after the 
invention of lasers in 1960. The effect can be utilized in optical devices and 
important techniques, which have applications in optical information processing, 
telecommunications and integrated optics (87). Nonlinear optics deal with the 
interaction of the electromagnetic field of a light wave with the electromagnetic 
fields of matter. Nonlinear optical material properties will change due to the 
interaction with light and the next photon that arrives will "see" a different material. 
Light electric field interacts with other electric fields within the material as light 
travels through a material. These internal fields are a function of the time-
dependent electron density distribution (polarization) in the material and the 
electric fields of the other light waves. Strong interactions can exist among the 
various fields. Frequency, phase, polarization, or path of incident light may be 
changed after these interactions (88).  
In order to describe the meaning of optical nonlinearity, we will take into 
consideration the dependence of polarization P(t) of a material system on the 
strength of E(t) of an applied optical field. For a linear regime, the dielectric of the 
medium is characterized by a linear relation between the polarization density and 
the electric field strength: 
P=ε0 χ
1E   (1) 
where ε0 is the permittivity of free space and χ
1 is the linear susceptibility. 
The optical response in nonlinear optics, is often described by expressing the 
polarization P as a power series in the electric field strength E as 
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P=ε0 [χ
1E+χ2E
2
+ χ3E3+…] (2) 
where χ2and χ3are the second-order and third-order nonlinear susceptibilities of 
the medium respectively. The physical processes that occur as a result of the 
second-order polarization (χ2) are second harmonic generation, sum and 
difference of frequency generation and parametric oscillation. The physical 
processes that occur as a result of the third-order polarization (χ3) are third 
harmonic generation, intensity-dependent refractive Index and intensity 
dependent absorption. 
 
Consider the third-order contribution to the nonlinear polarization  
P
3(t)=ε0 χ
3 E
3  (3) 
A simplified form in which the applied field is monochromatic is  
E(t)= E cos ωt (4) 
where ω is the frequency and t is the time. 
By using cos3 ωt =
1
4
cos 3ωt+
3
4
cos ωt , the nonlinear polarization is 
P
3(t)=
1
4
ε0 χ
3 E
3
cos 3ωt+
3
4
ε0 χ
3 E
3
cos ωt (5) 
Third-harmonic generation is processed by the first term in equation (5). In the 
microscopic description of this process three photons of frequency ω are 
destroyed and one photon of frequency 3ω is created. A nonlinear contribution 
to the polarization at the frequency of the incident field is described in the second 
term of equation (5). This term leads to a nonlinear contribution to the refractive 
index which is the related real part of χ3 through 
𝑛2=
3
2𝑛2ε0 c
χ
R
3   (6) 
where 𝑛2 is a nonlinear refractive index, c is the speed of light and I=
1
2
𝑛𝑜ε0 cE
2
 
is the intensity of the incident beam. For incident intensity I, 𝑛2 can be 
represented as 𝑛 = 𝑛0+ 𝑛2I, where 𝑛 is the total refractive index and 𝑛0 is a linear 
refractive index (89). 
Self-action such as self-focusing and self-defocusing is a process that can occur 
as a result of the intensity dependent refractive index change and a spatial profile 
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of the laser beam intensity which is usually Gaussian. For positive nonlinear 
refractive index (𝑛2), the material effectively acts as a thin positive lens, which 
causes the rays to curve toward each other and for negative nonlinear refractive 
index (𝑛2), the material effectively acts as a thin negative lens, which causes the 
rays to curve outward from each other. The self-focusing process is of great 
practical importance because the intensity at the focal spot of the self-focus beam 
is usually sufficiently large to lead to optical damage of the material. The self-
defocusing process is important for optical limiting. 
The various types of self-action effects depend on whether the susceptibility is 
real or imaginary and on the temporal and spatial distribution of the incident light. 
The real part of the nonlinear susceptibility gives rise to spatial effects of self-
focusing and self-defocusing. The imaginary part of the susceptibility is 
responsible for nonlinear absorption. 
The third order susceptibility χ3 in general is a complex quantity having both real 
χ
R
3  and imaginary parts χ
I
3, 
χ3= χ
R
3  + iχ
I
3  (7) 
where the imaginary part is related to the nonlinear absorption coefficient 
(𝛽) through 
χ
I
3=
2𝑛εoc
2 
ω
β  (8) 
For low intensity, the following substitution was made 
α  = αo+ Iβ  (9) 
where α is the linear absorption coefficient. 
From above one conclude that the imaginary part of the refractive index describes 
the absorption of radiation. Saturation absorption and reverse saturation 
absorption and two photon absorption are the processes that can occur as a 
result of the transfer of population from the atomic ground state to an excited 
state. These processes are intensity dependent (90).  
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5.1 Z-scan Theory  
 
Z-scan technique is an accurate and simple method introduced by Sheik-Bahae 
for the measurement of optical nonlinear properties (91). Because of its simplicity, 
the z-scan technique is being used widely for investigating the nonlinear 
refractive index (𝑛2) and the nonlinear absorption coefficient (β). The 
experimental setup for z-scan technique is shown in Fig. 5.1.  Briefly, the 
technique relies on the fact that intensity varies along the axis of the convex lens 
and is maximum in the focus. Hence by shifting the sample through the focus, 
the nonlinear refraction can be measured by observing the spot size variation at 
the plane of finite aperture/detector combination (92).  
 
The nonlinear refraction of the sample causes a spatial beam broadening or 
narrowing in the far field and thus modifies the fraction of light that passes through 
the aperture as the sample position is changed. If the sample has a positive 
nonlinear refractive index (𝑛2) and as it moves toward the focal plane, the 
transmission will decrease. This is because as the intensity increases it creates 
a positive lensing and the beam spread at the detector plane. On the other side 
of the focus, the lensing effect will tend to reduce the beam spread, resulting in 
an increase in the measured transmittance. The transmission plotted as function 
of position shows prefocal transmission minimum followed by post-focal maxima 
(valley–peak). Similarly, a negative refractive nonlinearity will show a prefocal 
maximum transmission followed by a postfocal minimum transmission (peak–
valley). Therefore, the shape of the curves gives the sign of nonlinearity and the 
Figure 5.1: Z-scan technique experimental setup. 
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magnitude of the nonlinearity can be calculated from the transmittance change 
between peak and valley (∆T
p-v 
) (15). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In general, for a cubic nonlinearity, the index of refraction 𝑛 is expressed in 
terms of nonlinear indexes 𝑛2 (m
2/W) through 
𝑛 = 𝑛0+
1
2
 𝑛2E
2
= 𝑛0+𝑛2I
2
 (1) 
where 𝑛0 is the linear refractive index, E is the peak electric field.  
 
Assuming a TEM00 Gaussian beam of waist radius w0 traveling in the +z direction, 
the magnitude of the electric field E can be written as 
E(r,z,t) = E0(t)
wo
w(z)
exp ⌊-
r2
w2
-
ikr2
2R(z)
⌋ e-iϕ(z,t) (2) 
where w2(z) = wo
2(1+
Z
2
ZR
2 )  is the beam radius at z, z0= k
2𝑤0 /2 is the diffraction 
length of the beam (Rayleigh range) , k=
2π 
λ
 is the wave vector, and λ is the laser 
wavelength, all in free space. E0(t) denotes the radiation electric field at the focus 
and contains the temporal envelope of the laser pulse. 
Figure 5.2: Characteristic curves depict both positive and negative 
nonlinear refraction as measured by Z-scan (126). 
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For small sample thickness, the changes in the beam diameter within the sample 
due to either diffraction or nonlinear refraction can be neglected. For such an 
assumption, the amplitude I and nonlinear phase change |∆φ| of the electric field 
within the sample are given by 
d∆φ
dz
= ∆𝑛(I)k  (3) 
and  
dI
dz
= -α(I)I  (4) 
where z is the propagation depth in the sample and α(I)includes the linear and 
nonlinear absorption terms. Equations (3) and (4) are solved to give the phase 
shift ∆φ at the exit surface of the sample, which simply follows the radial variation 
of the incident irradiance at a given position of the sample z: 
∆φ(z,r,t) =
∆φ(t)
1+z
2
zo
2⁄
exp ⌊-
2r
2
w2(z)
⌋ (5) 
The on-axis phase shift at the focus is defined as  ∆φ(t) = k∆𝑛0(t)Leff 
and Leff= (1-e
-αl) α⁄ . Here ∆𝑛0= γI0(t) with I0(t) being the on-axis irradiance at focus 
(i.e. z = 0). One can ignore the Fresnel reflection losses such that I0(t) is the 
irradiance within the sample (93). 
 
As the sample is being scanned longitudinally through the focus of the laser 
beam, the changes in transmission at the far field are monitored. The 
transmittance change between peak and valley (∆Tp-v) is related to nonlinear 
induced phase shift by:   
∆Tp-v = 0.406 (1-S)
0.25
 |∆φ| (1) 
where S is the aperture linear transmittance.  
S = 1- e
-2(
r0
w0
)
2
 (2) 
where w0 is the Gaussian beam spot radius at the focus (half width at 1/e
2 
of 
maximum of the irradiance) and r0is radius of curvature.  
The nonlinear induced phase shift ∆φ is related to the nonlinear refractive index 
𝑛2 by 
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𝑛2= 
Δϕ λ
2 π I0Leff
  (3) 
where Leff is the effective thickness of the sample (Leff= 
1-e-αl
α
), α is the linear 
absorption coefficient, I0 is the on-axis irradiance at the focus and 𝑛2 is the 
nonlinear index of refraction (94). 
The nonlinear absorption coefficient is related to sample transmittance T (95) by  
T = 1+ 
β I Leff
2√2
 (4)  
An incident Gaussian beam leads to an immediate local heating in the medium, 
as it absorbs the light. Refractive index changes occur as a result of temperature 
change in the surroundings of the laser beam. The refractive index is assumed 
to depend linearly on temperature. The non-locality depends on the optical and 
the thermal properties of the material and it’s given by 
σ =√
𝜅|𝑛2|
α0|
dn
dT
|w0
2
  (1) 
where w0 is the minimum beam waist, 𝑛2 is the nonlinear refractive index, 𝜅 is 
the heat conductivity, 
dn
dT
 is the thermo-optical and α0 is the linear absorption 
coefficient of the medium. The more non-local is the medium as the value of σ is 
larger. While σ=0 means that the medium can only present a local nonlinearity.  
 
When a CW (continuous waves) laser is used, thermal lens effect plays a role in 
nonlinear optics (NLO). A local heating occurs immediately as the Gaussian 
beam propagates across the medium. The change in the temperature around the 
beam laser results in a change in the nonlinear refractive index of the medium. 
The time dependent far-field on-axis transmittance is expressed by  
TN=
I (z, t)
I (z, 0)
  (2) 
                                             =  
1
1+(
θ
1+tc/2t)
)(
2x
1+x2
)+(
θ
1+tc/2t)
)
2
(
1
1+x2
)
  
where x=
z
z0
, z0=
πw2
λ
, tc=
w2
4𝑘/Cp
. 𝑡𝑐 is the thermal diffusion time, 𝑘 is the thermal 
conductivity and Cp is the specific heat per volume at constant pressure.  
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The on-axis phase shift is given by  
θ=
αPL
λ𝜅
dn
dT
  (3) 
where P is the power of the Gaussian beam and T is the temperature.  
The second term in the denominator in equation (2) is neglected in low power as 
the nonlinear phase shift θ≪1. When the steady state has been reached, t≫tc is 
considered. Then equation (2) is given  
TN=
1
1+(θ)(
2x
1+x2
)
 (4) 
The nonlinear refractive index can be measured through fitting equation (4) to the 
experimental data (96). 
 
The response of noble metal nanoparticles such as gold and silver to nonlinear 
optics and thermal effect may be described. Fourier heat conduction theory (97) 
describes the heat transfer from the excited nanoparticles to the surrounding 
matrix. The nonlinearity aroused from small nanoparticles (size is much smaller 
than the heat carrier mean free path) is surely of multiphoton origin. This  because 
around the heated metal nanosphere only few carrier-scattering events occur 
(98).  
If a laser with a wavelength of 532 nm is used to excite gold nanoparticles, the 
electrons in the filled d band are excited to the unoccupied states in the 
conduction band due to interband transitions. These excited electrons act as free 
carriers, processing a whole spectra of kinetics and potential energies. This may 
lead to transient absorption due to free carrier absorption. Excited state 
absorption is caused by electrons that were pumped to even higher energy levels. 
The excitations from plasmon band to free carrier band in gold nanoparticles are 
the origin of the reverse saturable absorption (99). By applying a laser beam with 
a wavelength of 535 nm to gold nanoparticles, the surroundings temperature 
increases due to excess thermal energy and a temperature gradient is generated. 
Nonlinear refractive index variations are resulted due to the temperature gradient 
and it’s called thermal lens (100). Population lens which is caused by population 
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redistribution between the excited and the ground-state conduction bands may 
play an important part in the variations in the nonlinear refractive index (101,102). 
 
 
5.2 Medical Applications of Z-scan 
 
Z-scan measurements of optical nonlinearities are applied in different areas. In 
medicine, z-scan is used as a tool to measure blood glucose, total cholesterol 
and triglycerides and total protein and albumin in blood.  
For glucose detection, GOD/POD (glucose oxidase-peroxidase) kit is 
used. 10 μL of serum is mixed with 1 mL of GOD/POD reagent. The the mixture 
is incubated at 37 ℃ for 15 minutes. The color changes to a pinkish red color. 
Finally, z-scan is used to measure the nonlinear refractive index and a linear 
proportional relation found between the nonlinear refractive index and the 
glucose concentration (13).   
Determination of cholesterol and triglyceride’s levels using GPO/POD 
(glycerolphosphate oxidase-peroxidase) kit. GPO/POD kit mixed with a serum 
sample for 5 min at 37 ℃. Then the z-scan technique is used to measure the 
nonlinear refractive index. As the concentration of cholesterol or triglyceride’s 
increases the value of the nonlinear refractive index increases (103).  
Determination of protein level in serum. A sample of serum is mixed with 
a kit supplied by Transasia and incubated for 10 min at 37 ℃. For albumin the 
mixture of the serum and the kit is incubated for 1 min at 37 ℃. Z-scan 
measurement show a linear proportional relation between the nonlinear refractive 
index and protein/albumin levels (104). 
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5.3 Results 
 
5.3.1 Silver Nanoparticles  
 
Silver nanoparticles (AgNPs) synthesized using trisodium citrate: 
 
The synthesized silver nanoparticles using trisodium citrate [section 4.1.1] were 
mixed with different concentrations of glucose and subjected to optical 
nonlinearity measurements using the z-scan technique. The z-scan experiment 
was performed using 488 nm CW argon-ion laser beam with a power of 30 mW. 
The normalized transmittance curve is characterized by a prefocal peak followed 
by a postfocal valley [Fig. 5.3]. This implies that the nonlinear refractive index of 
silver nanoparticles mixed with glucose is negative (𝑛2 < 0).  [Fig. 5.4] 
demonstrates a linear inverse proportional relation between the glucose 
concentrations and the nonlinear refractive index. This indicates that as the 
concentration of glucose increases, the size of nanoparticles decreases [see 
section 7.4]. Thus, the nonlinear refractive index can be used for the 
determination of glucose concentrations. The values of the nonlinear refractive 
index are shown in Table 5.1. 
 
 
Table 5.1: The nonlinear refractive index (𝑛2 ) values for silver nanoparticles synthesized using trisodium 
citrate when mixed with different concentrations of glucose. 
Concentration 
(mM) 
𝒏𝟐 (m
2/W) 
1 5.73 × 10−13 
6 5.52 × 10−13 
10 4.20 × 10−13 
15 5.23 × 10−13 
20 5.64 × 10−13 
30 4.04 × 10−13 
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Silver nanoparticles (AgNPs) synthesized using glucose and gelatin: 
 
The silver nanoparticles synthesized using different concentrations of glucose 
[section 4.1.1] were subjected to optical nonlinearity measurements using the z-
scan technique. The z-scan experiment was performed using 488 nm CW argon-
ion laser beam with a power of 26 mW. The normalized transmittance curve is 
characterized by a prefocal peak followed by a postfocal valley [Fig. 5.6]. This 
implies that the nonlinear refractive index of silver nanoparticles synthesized with 
glucose is negative (𝑛2 < 0).  [Fig. 5.5] demonstrates a linear inverse proportional 
relation between the glucose concentrations and the nonlinear refractive index. 
This indicates that as the concentration of glucose increases, the size of 
nanoparticles decreases [see section 7.4]. Therefore, the nonlinear refractive 
index can be used for the determination of glucose concentrations. The values of 
the nonlinear refractive index are shown in Table 5.2. 
 
 
 
 
Figure 5.3: Closed aperture z-scan of silver 
nanoparticles synthesized using trisodium citrate. Using 
CW argon-ion laser with λ=488 nm, Power=30 mW. 
Figure 5.4: Variation in the nonlinear refractive index 
(𝑛2 ) for different glucose concentrations. 
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Table 5.2: The nonlinear refractive index (𝑛2) values for silver nanoparticles synthesized using different 
concentrations of glucose and gelatin. 
Concentration 
(mM) 
𝒏𝟐 (m
2/W) 
0.1 7.94 × 10−13 
1 7.48 × 10−13 
5 6.28 × 10−13 
 
 
 
 
 
 
5.3.2 Gold Nanoparticles  
 
Gold nanoparticles (AuNPs) synthesized using trisodium citrate: 
 
The synthesized gold nanoparticles [section 4.1.2] were mixed with different 
concentrations of glucose and subjected to optical nonlinearity measurements 
using the z-scan technique. The z-scan experiment was performed using 488 nm 
CW argon-ion laser beam with a power of 15 mW. The normalized transmittance 
curve is characterized by a prefocal peak followed by a postfocal valley [Fig. 5.7]. 
Figure 5.5: Closed aperture z-scan of silver 
nanoparticles synthesized using glucose and gelatin. 
Using CW argon-ion laser with λ=488 nm, Power=26 
mW. 
Figure 5.6: Variation in the nonlinear refractive index 
(𝑛2 ) for different glucose concentrations. 
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This implies that the nonlinear refractive index of gold nanoparticles mixed with 
glucose is negative (𝑛2 < 0).  [Fig. 5.8] demonstrates a linear inverse proportional 
relation between the glucose concentrations and the nonlinear refractive index. 
This indicates that as the concentration of glucose increases, the size of 
nanoparticles decreases [see section 7.4]. Thus, the nonlinear refractive index 
can be used for the determination of glucose concentrations. The values of the 
nonlinear refractive index are shown in Table 5.3. 
 
Table 5.3: The nonlinear refractive index (𝑛2) values for gold nanoparticles synthesized using trisodium 
citrate when mixed with different concentrations of glucose. 
Concentration 
(mM) 
𝒏𝟐 (m
2/W) 
1 1.51 × 10−12 
3 1.62 × 10−12 
6 1.49 × 10−12 
8 1.38 × 10−12 
10 1.47 × 10−12 
 
 
 
 
 
 
Figure 5.7: Closed aperture z-scan of gold nanoparticles 
synthesized using trisodium citrate. Using CW argon-ion 
laser with λ=488 nm, Power=15 mW. 
Figure 5.8: Variation in the nonlinear refractive index 
(𝑛2 ) for different glucose concentrations. 
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Gold nanoparticles (AuNPs) synthesized using curcumin: 
 
The synthesized gold nanoparticles [section 4.1.2] were mixed with different 
concentrations of glucose and subjected to optical nonlinearity measurements 
using the z-scan technique. The z-scan experiment was performed using 488 nm 
CW argon-ion laser beam with a power of 28.1 mW. The normalized 
transmittance curve is characterized by a prefocal peak followed by a postfocal 
valley [Fig. 5.9]. This implies that the nonlinear refractive index of gold 
nanoparticles mixed with glucose is negative (𝑛2 < 0).  [Fig. 5.10] demonstrates 
a linear inverse proportional relation between the glucose concentration and the 
nonlinear refractive index. This indicates that as the concentration of glucose 
increases, the size of nanoparticles decreases [see section 7.4]. Therefore, the 
nonlinear refractive index can be used for the determination of glucose 
concentrations. The values of the nonlinear refractive index are shown in Table 
5.4. 
 
 
Table 5.4: The nonlinear refractive index (𝑛2) values for gold nanoparticles synthesized using curcumin 
when mixed with different concentrations of glucose. 
Concentration 
(mM) 
𝒏𝟐 (m
2/W) 
0.01 2.53 × 10−13 
0.1 2.51 × 10−13 
1 2.45 × 10−13 
5 2.41 × 10−13 
10 2.31 × 10−13 
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Gold nanoparticles (AuNPs) synthesized using glucose and gelatin: 
 
Gold nanoparticles were synthesized using different concentrations of glucose 
[section 4.1.2] and were subjected to optical nonlinearity measurements using 
the z-scan technique. The z-scan experiment was performed using 488 nm CW 
argon-ion laser beam with a power of 29.2 mW. The normalized transmittance 
curve is characterized by a prefocal peak followed by a postfocal valley [Fig. 
5.11]. This implies that the nonlinear refractive index of gold nanoparticles 
synthesized with glucose is negative (𝑛2 < 0).  [Fig. 5.13] demonstrates a linear 
proportional relation between the glucose concentration and the nonlinear 
refractive index. This indicates that as the concentration of glucose increases, 
the size of nanoparticles increases [see section 7.4]. Hence, the nonlinear 
refractive index can be used for the determination of glucose concentrations. The 
values of the nonlinear refractive index are shown in Table 5.5. 
 
 
 
 
Figure 5.9: Closed aperture z-scan of gold nanoparticles 
synthesized using curcumin. Using CW argon-ion laser 
with λ=488 nm, Power=28.1 mW. 
Figure 5.10: Variation in the nonlinear refractive index 
(𝑛2 ) for different glucose concentrations. 
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Table 5.5: The nonlinear refractive index (𝑛2) values for gold nanoparticles synthesized using different 
concentrations of glucose and gelatin. 
 
Concentration 
(mM) 
𝒏𝟐 (m
2/W) 
2 1.26 × 10−12 
3 1.64 × 10−12 
5 1.99 × 10−12 
6 2.32 × 10−12 
7 2.78 × 10−12 
9 3.60 × 10−12 
11 4.55 × 10−12 
12 5.28 × 10−12 
14 6.56 × 10−12 
 
 
 
 
 
Figure 5.11: Closed aperture z-scan of gold 
nanoparticles synthesized using glucose and gelatin. 
Using CW argon-ion laser with λ=488 nm, Power=29.2 
mW. 
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Unknown Concentrations  
 
Gold nanoparticles were synthesized using unknown glucose concentrations and 
gelatin [section 4.1.2] and subjected to optical nonlinearity measurements using 
the z-scan technique to find the concentration of glucose in the sample. The z-
scan experiment was performed using 488 nm CW argon-ion laser beam with a 
power of 29.2 mW. The experiment was repeated twice. The normalized 
transmittance curve is characterized by a prefocal peak followed by a postfocal 
valley, which implies that the nonlinear refractive index of gold nanoparticles 
synthesized with glucose and gelatin is negative (𝑛2 < 0).   As shown in Table 
5.6, the samples error doesn’t exceed 11% in the first experiment, while for the 
samples promoted after five days, error exceeds 40%. This can be due to laser 
power and wavelength insatiability.      
 
 
 
 
 
 
Figure 5.12: Variation in peak to valley (∆Tp-v)  for 
different glucose concentrations. 
Figure 5.13: Variation in the nonlinear refractive index 
(𝑛2 ) for different glucose concentrations. 
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Table 5.6: Shows the values of peak to valley and % Error for the unknown glucose concentrations used in 
synthesizing gold nanoparticles.  
 
 
 
5.3.3 Gold-Silver (Au-Ag/core-shell) Nanoparticles 
 
Gold-silver nanoparticles (Au-Ag/core-shell NPs) synthesized 
using HAuCl4, AgNO3, NaOH and L-ascorbic acid: 
 
The synthesized gold-silver nanoparticles [section 4.1.3] were mixed with 
different concentrations of glucose and subjected to optical nonlinearity 
measurements using the z-scan technique. The z-scan experiment was 
performed using 488 nm CW argon-ion laser beam with a power of 30 mW. The 
normalized transmittance curve is characterized by a prefocal peak followed by 
a postfocal valley [Fig. 5.14]. This implies that the nonlinear refractive index of 
gold-silver nanoparticles mixed with glucose is negative (𝑛2 < 0). [Fig. 5.15] 
demonstrates a linear inverse proportional relation between the glucose 
concentration and the peak to valley values (∆Tp-v). This indicates that as the 
concentration of glucose increases, the size of nanoparticles decreases [see 
section 7.4]. It’s not necessary to calculate the nonlinear refractive index every 
time, because peak to valley values are directly proportional to the nonlinear 
refractive index.   Therefore, peak to valley values (∆Tp-v) can be used for the 
determination of glucose concentrations.  
 
Unknown No. Actual Concentration (mM) Peak to Valley Measured Concentration (mM) % Error 
1 4.5 1.402 4.00 11.06
2 7.5 2.032 8.31 10.80
3 12.5 2.611 12.27 1.85
4 5 1.255 3.00 40.05
5 10 1.742 6.33 36.73
6 13 2.283 10.03 22.87
21.1.16
26.1.16
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Figure 5.14: Closed aperture z-scan of gold-silver 
nanoparticles synthesized using HAuCl4, AgNO3, NaOH 
and L-ascorbic acid. Using CW argon-ion laser with λ=488 
nm, Power=30 mW. 
Figure 5.15: Variation in peak to valley (∆Tp-v)  for 
different glucose concentrations. 
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Chapter 6: Blood  
 
The gold nanoparticles synthesized using glucose and gelatin gave the best 
results for glucose detection and quantifying. Therefore this method was used to 
detect glucose in diabetic blood. In this case glucose in blood was used instead 
of commercial glucose for the synthesis of gold nanoparticles. Both diabetic 
whole blood and plasma were used, but both methods failed. As human diabetic 
blood was not available, rats and rabbits diabetic blood was used. Gold 
nanoparticles affects the viscosity of whole blood and plasma, as it associates 
strongly with the essential blood proteins. This interaction leads to nanoparticles 
aggregation (105). Nanoparticles aggregation may be used as an explanation for 
the failure of below experiments.     
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Experiment 1]  
Synthesis of gold nanoparticles using diabetic whole blood  
 
In this attempt, whole blood was used. In a test tube 68.4 μL of 1% wt. gelatin, 
22.8 μL of 1 M NaOH, 454.6 μL of diabetic whole blood and 454.6 μL of 10 mM 
HAuCl4 were added in sequence. The test tube placed in the center of the 
microwave [Samsung – Model: ME6124ST] and heated for 30 seconds at low 
power (power 2) and allowed to cool to room temperature. The mixture 
coagulated [Fig. 6.1] and the surface plasmon resonance band centered at 393 
nm [Fig. 6.2], indicating that there were no gold nanoparticles present.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1: Gold nanoparticles 
synthesized using diabetic whole 
blood and gelatin before and 
after heating using microwave. 
Figure 6.2: UV-Vis absorption spectra of gold 
nanoparticles synthesized using diabetic whole blood 
and gelatin). 
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Experiment 2]  
Synthesis of AuNPs using diabetic blood plasma 
 
Blood plasma separation according to the procedure outlined in Ref (106) was 
performed. The blood sample was centrifuged at 2000 rpm and a temperature of 
4℃ for 20 minutes. A clear supernatant (plasma) solution was separated. To a 
test tube 68.4 μL of 1% wt. gelatin, 22.8 μL of 1 M NaOH, 454.6 μL of blood 
plasma and 454.6 μL of 10 mM HAuCl4 were added in sequence, and the test 
tube subsequently placed in the center of the microwave and heated for 30 
seconds at low power (power 2). The solution was allowed to cool to room 
temperature. No color change was observed [Fig. 6.3]. In Fig. 6.4 surface 
plasmon resonance band centered at 285 nm was observed, thus no gold 
nanoparticles were synthesized.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: Gold nanoparticles 
synthesized using blood plasma and 
gelatin. 
Figure 6.4: UV-Vis absorption spectra of gold 
nanoparticles synthesized using blood plasma and 
gelatin. 
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Chapter 7: Discussion  
 
According to (107) it is possible to detect and quantify glucose in biological 
samples such as serum by an enzymatic colorimetric method using the z-scan 
technique, while in our research, the main goal is to detect and quantify glucose 
combined with nanoparticles using the z-scan technique. 
 
7.1 Synthesis of Nanoparticles  
 
Different methods were used to synthesize gold, silver and gold-silver 
nanoparticles, in order to find the cheapest and the easiest method, and to find 
the most suitable and accurate method for detecting and quantifying glucose 
levels.  
Gold, silver and gold-silver nanoparticles were synthesized using wet chemistry 
and green synthetic methods. Almost all nanoparticles were synthesized using a 
reduction method. A reducing agent is used to reduce the metal ions to metal 
atoms.  These atoms nucleate and form clusters and finally form nanoparticles. 
Ag
+
+ reducing agent → Ag0 
Au
+3
+ reducing agent → Au0 
In wet chemistry, inorganic reducing agent was used such as trisodium citrate. In 
green synthesis, organic reducing agents were used such as glucose, curcumin, 
hibiscus, coffee, tea and gripe water. Some reducing agents such as curcumin 
and glucose act as a capping agent who stabilizes the nanoparticles and prevents 
further growth. Hot plate heating, oven heating, microwave heating and room 
temperature stirring were used to synthesize the nanoparticles.  
 
 
7.2 Nanoparticles Characterization  
 
Spectroscopy, Mie plot software, TEM microscope and XRD were used to confirm 
the formation of nanoparticles and for nanoparticles characterization.  
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UV-Vis spectrometer Shimadzu UV-1800 was used to record absorption 
spectra of the samples. Silver nanoparticles surface plasmon resonance band 
ranged from 400 – 433 nm. Where surface plasmon resonance band centered at 
433, 420, and 400 for silver nanoparticles synthesized using curcumin, trisodium 
citrate and glucose & gelatin respectively. Silver nanoparticles synthesized 
using AgNO
3
, glucose and NaOH surface plasmon resonance band ranged from 
404 – 428 nm, whereas the concentration of glucose increases, surface plasmon 
resonance band shifts towards shorter wavelength (blue shift).   
Gold nanoparticles surface plasmon resonance band ranged from 517 – 
565 nm. The surface plasmon resonance band was centered at 517, 530, 535 
and 526 for gold nanoparticles synthesized using trisodium citrate, curcumin, 
starch & glucose and glucose & gelatin respectively. For gold nanoparticles 
synthesized using glucose, NaOH and HAuCl4, the surface plasmon resonance 
band ranged from 545 – 565 nm, and as the concentration of glucose increased, 
the surface plasmon resonance band shifted towards shorter wavelengths (blue 
shift).  
For gold-silver NPs synthesized using HAuCl4, AgNO3, NaOH and L-
ascorbic acid the surface plasmon resonance band centered at 385 and 487 nm. 
 
Mie plot v4.5 was used to determine the diameter of silver and gold 
nanoparticles. The procedure was performed according to (83). Since the 
diameter of nanoparticles affect the absorption spectrum peak, using Mie plot 
software different diameters were used to get theoretical data. In OriginPro 9.0, 
the best fit of both theoretical and experimental absorption spectra indicate the 
diameter of nanoparticles. For silver nanoparticles synthesized using AgNO
3
, 
glucose and NaOH the diameter is 65 nm. For gold nanoparticles synthesized 
using trisodium citrate the diameter is 10 nm and gold nanoparticles synthesized 
using glucose, NaOH and HAuCl4 the diameter is 95 nm. These diameters may 
not be the real values due to the presence of nanoparticles with different sizes 
and shapes. 
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Three samples were sent to Timo Meerloo from University of California 
(UCSD) for transmission electron microscope (TEM) analysis. Gold nanoparticles 
that were synthesized using trisodium citrate, nanoparticles had diameters 
ranging from 9 – 23 nm with a high yield size of 12.5 nm. Gold nanoparticles 
synthesized using 8 mM glucose and gelatin, their nanoparticle diameters ranged 
from 3 – 28 nm with a high yield size of 3.7 nm. Gold nanoparticles synthesized 
using 14 mM glucose and gelatin, had nanoparticle diameters ranging from 8 – 
22 nm with a high yield size of 9 nm. Larger nanoparticles were synthesized as 
the concentration of glucose increases. Other samples were analyzed on TEM 
microscope at University College Dublin (UCD) Ireland. These included gold and 
silver nanoparticles. For gold nanoparticles synthesized using curcumin, 
diameters ranged from 13 – 33 nm with a high yield size of 20 nm. For silver 
nanoparticles synthesized using curcumin, diameters ranged from 3.5 – 44 nm 
with a high yield size of 16.8 nm. For silver nanoparticles synthesized using 
trisodium citrate, diameters ranged from 3.5 – 50 nm with a high yield size of 3.6 
nm. For silver nanoparticles synthesized using 8 mM glucose and gelatin, 
diameters ranged from 4 – 15 nm with a high yield size of 4 nm. All TEM images 
were analyzed and processed using ImageJ 1.5g software by converting pixels 
into image scale in nanometers. Then each NP was marked manually, and a size 
distribution histogram was created. 
 
X-ray diffraction (XRD) carried out in the University of Bahrain (UOB) for 
gold nanoparticles synthesized using trisodium citrate. The XRD operated at 10 
kV and as shown in Fig. 4.37 the XRD pattern verifies the presence of gold (Au) 
and other elements such as carbon (C), nitrogen (N), sodium (Na), oxygen (O) 
and chlorine (Cl). 
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7.3 Glucose Detection using UV-Vis Spectroscopy  
 
Some attempts failed for glucose detection, while other succeeded. The optical 
properties are dependent on the size of the nanoparticles, where SPR band 
absorbance and peak position (red shift) increase linearly as the size of 
nanoparticles increases (60). According to ref.(59), as the concentration of 
glucose increases, the size of the nanoparticles increases, the surface plasmon 
resonance band absorbance increases or peak position shifts towards longer 
wavelengths (red shift). However, in ref.(58), as the concentration of glucose 
increases, the size of the nanoparticles decreases, the surface plasmon 
resonance band absorbance decreases or peak position shifts towards shorter 
wavelengths (blue shift). This can be used to describe the negative relations 
found between the absorbance and peak shift of the surface plasmon resonance 
band as a function of the glucose concentration, because in these cases glucose 
acts as a capping agent. Capping agents  are used to stabilize and prevent the 
growth of the nanoparticles, so as the concentration of the glucose increases, 
nanoparticles with smaller sizes obtained (61). This relation found in silver 
nanoparticles synthesized using trisodium citrate, silver nanoparticles 
synthesized using glucose and gelatin, silver nanoparticles synthesized 
using AgNO
3
, glucose and NaOH, gold nanoparticles synthesized using 
trisodium citrate, gold nanoparticles synthesized using starch and glucose and 
gold nanoparticles synthesized using glucose, NaOH and HAuCl4.  
 
Absorbance and peak position of silver nanoparticles synthesized using 
trisodium citrate surface plasmon resonance band is inversely proportional to the 
glucose concentration.  The absorbance of silver nanoparticles synthesized using 
glucose and gelatin surface plasmon resonance band is inversely proportional to 
the glucose concentration. Peak position of silver nanoparticles synthesized 
using AgNO
3
, glucose and NaOH surface plasmon resonance band is inversely 
proportional to the glucose concentration. 
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Absorbance of gold nanoparticles synthesized using trisodium citrate the 
surface plasmon resonance band is inversely proportional to the glucose 
concentration. Absorbance of gold nanoparticles synthesized using starch and 
glucose the surface plasmon resonance band is inversely proportional to the 
glucose concentration. Absorbance of gold nanoparticles synthesized using 
glucose and gelatin surface plasmon resonance band is directly proportional to 
the glucose concentration. In this case gelatin acts as a capping agent and its 
concentration is fixed. Peak position of gold nanoparticles synthesized using 
glucose, NaOH and HAuCl4 surface plasmon resonance band is inversely 
proportional to the glucose concentration. 
 
7.4 Glucose Detection using Z-scan  
 
Some attempts failed for glucose detection, while other succeeded. All 
nanoparticles were subjected to the optical nonlinearity measurements z-scan 
technique. Z-scan experiments were performed using 488 nm CW argon-ion 
laser beam with an adjusting power of 15 - 30 mW. The normalized transmittance 
curve for all samples were characterized by a prefocal peak followed by a 
postfocal valley, which implies that the nonlinear refractive index of is negative 
(𝑛2 < 0). The nonlinear refractive index is dependent on the size of the 
nanoparticles, where the nonlinear refractive index increases linearly as the size 
of the nanoparticles increases (108). According to ref.(59), as the concentration 
of glucose increases, the size of the nanoparticles increases, thus the nonlinear 
refractive index increases. On the other hand, in ref.(58), as the concentration of 
glucose increases, the size of the nanoparticles decreases, thus the nonlinear 
refractive index decreases. This can be used as an explanation for the negative 
relations found between the nonlinear refractive index and the glucose 
concentration. Where in these cases, glucose acts as a capping agent, thus it 
prevents further growth of the nanoparticles size, so as the concentration of the 
glucose increases, smaller nanoparticles are obtained (61).  This relation found 
in silver nanoparticles synthesized using trisodium citrate, silver nanoparticles 
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synthesized using glucose and gelatin, gold nanoparticles synthesized using 
trisodium citrate, gold nanoparticles synthesized using curcumin and gold- silver 
nanoparticles synthesized using HAuCl4, AgNO3, NaOH and L-ascorbic acid. 
 
A linear inverse proportional relation was observed between the nonlinear 
refractive index (𝑛2) and the glucose concentration of silver nanoparticles 
synthesized using trisodium citrate. They have a nonlinear refractive index (𝑛2) 
range of  4.04×10-13 to 5.73×10-13 m2/W. A linear inverse proportional relation 
was observed between the nonlinear refractive index (𝑛2) and the glucose 
concentration of silver nanoparticles synthesized using glucose and gelatin. They 
have a nonlinear refractive index (𝑛2) range of 6.28×10
-13 
to 8.11×10
-13
 m2/W. 
 
A linear inverse proportional relation was observed between the nonlinear 
refractive index (𝑛2) and the glucose concentration of gold nanoparticles 
synthesized using trisodium citrate, with a nonlinear refractive index (𝑛2) varying 
from 1.38×10-12 to 1.62×10-12 m2/W. A linear inverse proportional relation was 
observed between the nonlinear refractive index (𝑛2) and the glucose 
concentration for gold nanoparticles synthesized using curcumin, with a nonlinear 
refractive index (𝑛2) varying from 2.31×10
-13 
to 2.53×10
-13
 m2/W. A linear 
proportional relation was observed between the nonlinear refractive index (𝑛2) 
and the glucose concentration for gold nanoparticles synthesized using glucose 
and gelatin, with a nonlinear refractive index (𝑛2) varying 
from 1.26×10-12 to 6.56×10-12 m2/W. Concentrations of glucose found after 
synthesizing gold nanoparticles with unknown glucose concentrations and 
gelatin, had an error of 2-11%. Three other unknown concentrations were found 
after five days with larger error of 22-40%. This may be due to laser intensity and 
wavelength instability. 
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A linear inverse proportional relation was observed between the peak to 
valley values (∆Tp-v) and the glucose concentration of gold- silver nanoparticles 
synthesized using HAuCl4, AgNO3, NaOH and L-ascorbic acid. 
 
 
A comparison was made between measured concentrations of artificial glucose 
using glucometer (digital glucose meter) and z-scan. Three concentrations of 
artificial glucose were used 5, 10 and 13 mM. Using glucometer, glucose was 
measured directly by placing a drop of artificial glucose on a test strip and the 
concentration was read. For z-scan measurements, as described in section 4.2.2 
& 5.3.2 [Gold nanoparticles (AuNPs) synthesized using glucose and gelatin] 
artificial glucose was used in addition to HAuCl4, NaOH and gelatin to synthesize 
gold nanoparticles. Then z-scan experiment was performed using 488 nm CW 
argon-ion laser beam with a power of 29.2 mW and the nonlinear refractive index 
 (𝑛2) was calculated. In Fig 7.1, concentration readings of glucometer and the 
nonlinear refractive index  (𝑛2) are linearly proportional with the concentration of 
the artificial glucose. Therefore, z-scan technique can be used detecting and 
measuring glucose concentrations. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1: Comparison of the measured glucose concentrations 
using glucometer and z-scan. 
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Chapter 8: Conclusion  
 
Nanoparticles such as silver, gold and gold-silver were synthesized by reduction 
methods using wet chemistry and green synthesis methods. In wet chemistry, 
trisodium citrate was used as a reducing agent, while in a green synthesis 
glucose and curcumin were used as reducing agents. For glucose detection, 
some nanoparticles were mixed with glucose after preparation, while others were 
synthesized using glucose. For gold nanoparticles synthesized using glucose and 
gelatin, as the concentration of glucose increases, the size of the nanoparticles 
increases, thus a positive linear correlation was found between the concentration 
of glucose and the absorbance/peak position shift of the surface plasmon 
resonance (SPR) band that was recorded using UV-Vis spectrometer. Also, the 
nonlinear refractive index (𝑛2) was measured using the z-scan technique, and a 
positive linear correlation was found between the concentration of glucose and 
the nonlinear refractive index (𝑛2) . Similar positive relations were published by 
Marisol (109) .On the other hand, in other methods as the concentration of 
glucose increases, the size of the nanoparticles decreases, thus a negative linear 
correlation was found between the concentration of glucose and the 
absorbance/peak position shift of surface plasmon resonance (SPR) band that 
was recorded using UV-Vis spectrometer. The nonlinear refractive index was 
measured using the z-scan technique and a negative linear correlation was found 
between the concentration of glucose and the nonlinear refractive index (𝑛2). In 
negative relations cases, glucose acts as a capping agent, which stabilize 
nanoparticles and prevents the nanoparticles size growth. Thus as the 
concentration of glucose increases, nanoparticles with smaller sizes are 
obtained. Similar negative relations due to increasing the concentration of the 
capping agents such as glucose were published by Bansal et al. (110).  
In this research, we propose a novel method for synthesizing AuNPs using 
glucose, gelatin and microwaves. This work demonstrated a new method for the 
detection and the quantification of glucose using UV-Vis spectroscopy and the z-
scan technique using silver, gold and gold-silver nanoparticles.   
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8.1 Further studies  
 
This study opens up a new area of research into the detection of glucose in 
diabetic whole blood and plasma using the z-scan technique. First, a proper 
method for combining whole blood / plasma with nanoparticles should be studied. 
Then z-scan may be used to measure the optical nonlinearities for the detection 
and quantifying of glucose. The Improvement of these proposed methods should 
improve the accuracy. The observed negative relations between the absorbance, 
the peak shift and the nonlinear refractive index 𝑛2 with the glucose concentration 
is subjected to further studies.   
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PAPER 1: Nonlinear Optical Studies of Gold and Silver Nanoparticles 
 
Nonlinear Optical Studies of Gold and Silver Nanoparticles 
Fatema Abdulwahab*, Fryad Henari** 
 
Objective: To measure the nonlinear refractive index and nonlinear absorption 
coefficient of Ag and Au particles. 
 
Design: Quantitative measurements  
 
Setting: Royal Collage of Surgeons in Ireland (RCSI) – Kingdom of Bahrain 
 
Method: Ag and Au colloidal solutions were prepared by reduction processes. 
The nonlinear properties of the samples were investigated using CW laser at 488-
514 nm using Z-scan technique. 
 
Result: Closed aperture z-scan displayed a prefocal peak followed by a postfocal 
valley. These materials show a large negative nonlinear refractive index of the 
order of 5.85 X 10−11 𝑚2/𝑊  and 3.32 X 10−12 𝑚2/𝑊 for silver and gold 
respectively and negative nonlinear absorption of the order of 3.45 x 10−4 m/W 
and 7.48 x 10−5 m/W for silver and gold respectively. 
 
Conclusion 
Z-scan showed that Ag and Au nanoparticles exhibit a nonlinear effect of thermal 
origin.  
 
* RCSI-MUB Medical Student 
** RCSI Faculty 
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PAPER 2: Synthesis of Au, Ag, Au-Curcumin, Ag-Curcumin and Au-Ag and 
their Nonlinear Refractive Index Properties. 
 
 
Synthesis of Au, Ag, Curcumin, Au, Ag and Au-Ag 
nanoparticles and their nonlinear refractive index properties 
 
F. Abdulwahab1, F. Z. Henari1, S. Cassidy 1and K. Winser2  
 
1Department of Medical Sciences, Royal College of Surgeons in Ireland, Medical 
University of Bahrain, Building 2441, Road 2835, Block 228, Busaiteen, Kingdom 
of Bahrain 
2Department of Physiology & Medical Physics, Royal College of Surgeons in 
Ireland, 123 St. Stephen’s Green, Dublin 2, Ireland  
 
Abstract:   
 
 In this work, nanoparticles of gold and silver were prepared by a reduction 
method and by employing green chemistry principles such as using curcumin as 
a reducing and a stabilizing agent. The formation of nanoparticles was confirmed 
by UV-Vis absorption spectra and TEM.  Mie- theory was used to determine the 
particle sizes.  The nonlinear refraction and absorption properties of the particles 
were measured using the Z-scan technique. A large value of third order 
nonlinearities was obtained using the nanoparticles produced.  
 
Keywords: colloidal nanoparticles, absorption spectra, nonlinear properties, Z-
scan   
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1-Introduction: 
 
 Metallic nanoparticles have attracted a huge interest because their physical and 
chemical properties are different from those of their bulks properties (111). As a 
result they are ideal candidates for many applications, such including electronics, 
optoelectronic devices and in medical applications such as diagnosis, drug 
deliver and therapy. Metallic nanoparticles form district energy levels, which is 
shown in the linear absorption spectra by a broad band absorption. This 
manifests as surface plasmon resonance, which does not exist in the case of bulk 
materials.  Nanoparticles have a large number of conduction electrons. There are 
more atoms at the surface of the nanoparticles than the number of atoms inside, 
and thus this property gives rise to interesting properties due to the interaction 
between nanoparticles and surrounding media. The strong interaction of 
nanoparticles with light waves takes place because the conduction electrons on 
the metal surface undergo a combined oscillation when excited by light at specific 
wavelengths. The collective oscillation of excited electrons in  the conduction 
band also known as surface plasmon resonance (SPR) and the surface area to 
volume ratio leads to a strong interaction with the incoming electromagnetic wave 
to enhance the local field, thus boosting the nonlinear optical properties of these 
materials.  The optical properties of nanoparticles are strongly dependent on the 
particle size, shape and dielectric properties of the matrix. These properties have 
a vital role in developing optical devices and in the biomedical field. It has been 
suggested that in the vicinity of the SPR absorption region, the nanoparticles 
exhibit a large value of optical nonlinearities. Different techniques have been 
used to investigate the optical nonlinearities such as in four wave mixing (112), 
nonlinear interferometry (113) and z-scan (114,115). Z-scan is the most popular 
technique due to its simplicity and it allows the determination of the sign and the 
magnitude of nonlinear optical properties, such as nonlinear refractive index and 
nonlinear absorption in a single scan.  Many reports have described the nonlinear 
properties and behavior demonstrated by nanoparticles and their dependence on 
sizes, shapes, and surrounding medium (116–119). 
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In this paper we report the nonlinear behavior of gold, silver, curcumin-gold, 
curcumin-silver and silver- gold nanoparticles which were prepared by the 
chemical reduction method and green synthesis. The nonlinear refractive index 
and nonlinear absorption of these samples were measured using the z-scan 
technique with cw argon-ion laser beam at 488nm and 514 nm. The magnitude 
of the nonlinear properties was measured with different synthesis methods and 
found to have no relationship between the values of the nonlinearities and the 
synthesis method. 
 
2- Synthesis of nanoparticles  
 
Starting materials were purchased from Sigma Aldrich and used without any 
further purifications. Distilled water was used to prepare the solutions of the 
reacting materials.  The Au colloid was prepared by chemical reduction according 
to the procedure given in ref (75). A 20 ml of 1 mM HAuCl4 solution was stirred 
and heated to boiling temperature. Then 2 ml of 1% trisodium citrate was added 
to the solution. The solution was left boiling until color changed to deep red. In 
this reaction gold is reduced from 𝐴𝑢+3 𝑡𝑜 𝐴𝑢0 by the trisodium citrate. Chemical 
equation is given below (76) 
2𝐻𝐴𝑢𝐶𝑙4 + 4𝑁𝑎3𝐶6𝐻5𝑂7 →  𝐻2 + 2𝐴𝑢
0 + 4𝐶𝑂2 + 4𝑁𝑎𝐶5𝐻5𝑂5 + 8𝑁𝑎𝐶𝑙  
The gold nanoparticles were synthesized using a green chemistry method. In this 
method the gold nanoparticles prepared by using curcumin as a reducing and 
stabilizing agent (73). A 0.11 g of curcumin was dissolved in 15 ml of DMSO and 
the pH of the solution was increased to 9.3 using 𝑁𝑎2𝐶𝑂3 (dissolved 0.24 g in 15 
mL of water). 1 mM of HAuCl4 was added dropwise with shaking to 2 mL of 
curcumin, until the color changes from yellow to colorless, black and burgundy 
red.  According to Sindhu et. al (73), the formation of curcumin conjugated gold 
nanoparticles includes six steps of deprotonation, reduction, nucleation, growth, 
cleavage and maturation. First curcumin 𝐶𝑢𝑟−3 is formed after the dissociation of 
hydrogen atoms from enolic curcumin hydroxyl groups. Then gold is reduced by 
the electrons on the 𝑂− from 𝐴𝑢+3 to 𝐴𝑢0. The 𝐴𝑢0 atoms form clusters and those 
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clusters cleave into smaller fragments due to instability and finally spherical and 
solid nanoparticles are formed.   
Ag nanoparticles was prepared using chemical reduction method (70). 84.9 mg 
of silver nitrate (𝐴𝑔𝑁𝑂3 )was dissolved in 500 ml of distilled water. The solution 
was stirred and heated to boiling temperature and 5 ml of trisodium citrate (1 g 
dissolved in 100 mL of water) was added to the solution. The solution was left to 
boil for 2 hours and color changed to greenish. In this reaction silver nitrate is 
reduced by trisodium citrate to form silver nanoparticles. Chemical equation is 
given below (71) 
4𝐴𝑔+ + 𝐶6𝐻5𝑂7𝑁𝑎3 + 2𝐻2𝑂 → 4𝐴𝑔
0 + 𝐶6𝐻5𝑂7𝐻3 + 3𝑁𝑎
+ + 𝐻+ + 𝑂2 ↑  
Another method was used to prepare Ag nanoparticles using curcumin as 
reducing agent. In this method, 1 g of curcumin was dissolved in 100 ml of DMSO.  
A solution of 7 mL of 1 mM 𝐴𝑔𝑁𝑂3  was heated to boiling temperature with stirring 
followed by the addition of 3 mL of the prepared curcumin solution. Heating was 
continued for 5 minutes. Curcumin acts as reducing agent. It is worth mentioning, 
that the most significant aspect of the above procedure is that the maintenance 
pH during the synthesis process is not required. 
Ag/ Au (core/shell) nanoparticles were prepared using gripe water according to 
the procedure given in (77). In a flask 2 mL of 0.3 mM 𝐴𝑔𝑁𝑂3 was mixed with 10 
mL of gripe water. In another flask 2 mL of 0.3 mM of HAuCl4 was left stirring. 
Under continuous stirring the mixture of gripe water and 𝐴𝑔𝑁𝑂3 was added to 
HAuCl4 and left stirring for 22 hours. In this method Au and Ag nanoparticles are 
reduced by hydrolyzed sucrose that is present in the gripe water, while they are 
stabilized by sodium benzoate, sodium methyl paraben, sodium propylparaben 
and bronopol.  
 
3- Results and Discussions 
 
3.1- Absorption Spectra: 
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UV-Vis spectrometer Shimadzu UV-1800 was used to record absorption spectra 
of all the samples. The UV-Vis absorption spectrum for Au and Ag nanoparticles 
is shown in Fig.1.a, The spectra for Au and Ag nanoparticles is characterized by 
a broad band in the visible region with a surface SPR peak at 517 nm and 414 
nm respectively.  The sharp peaks indicate the formation of spherical 
nanoparticles. The stability of the nanoparticles was monitored by observing the 
position of the absorption peak over weeks. No obvious shift in the absorption 
peak was observed. If the particle increases in size the peak absorption will shift 
to longer wavelength (red shift) (120), however, no such behavior was observed. 
The Transmission Electron Microscopy (TEM) image of the Au particles is shown 
in Fig.1b.  It can be seen from the figure that Au nanoparticles are spherical in 
shape with smooth surface. The particle size was determined using Image J 1.5g 
software by calculating the diameter (d) in pixels. Pixels were converted to 
nanometers by applying the scale of the image. The diameter (d) of each 
nanoparticle was marked manually and found to have a range from 9 to 23 nm 
with high yield of size 12 nm, Fig 1b.  It was shown that the full width at half 
maximum of the absorption spectrum is related to the particle sizes (121). The 
relative narrow band of absorption observed in this case may be used as an 
indication of the formation of small sizes of Au particle.  It is worth mentioning that 
the TEM images was taken two weeks after synthesis and no aggregation was 
observed. 
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Fig 1(a) UV-Vis absorption spectrum for Au (blue) and for Ag (red) nanoparticles 
in water  
 
 
Figure 1(b) TEM Image and size distribution for Au nanoparticles.    
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Fig.2. shows the UV-Vis absorption spectra of Au, curcumin-Au, Ag, curcumin-
Ag, and (core-shell) Au-Ag. The spectra are characterized by a broad band in the 
visible region with a plasmon resonance peak at 517, 536, 414, 436 and 472 nm 
respectively.    For curcumin-Au and curcumin-Ag, the formation of the 
nanoparticles are characterized by the disappearance of the absorbance 
maximum peak  (430 nm) of  curcumin and the shift of SPR absorbance peak  
from 517 nm for Au particles, to 536 nm for curcumin-Au, and  the shift  SPR peak 
from 430 for  Ag particles nm to 436 for Ag- curcumin. This shifting indicates 
coupling between curcumin –Au and curcumin –Ag.  The SPR shift also observed 
for Ag -Au (472 nm) in comparison to SPR peak for Ag (430nm). 
Because facilities for measuring the nanoparticle sizes were not available to the 
investigators, we used the Mie theory to determine the particles size of colloidal 
nanoparticles. For this we used a computer simulation program (Mie plot v4.5). 
The procedure for calculation was performed as described in (83) because the 
position of the SPR peak depends on the diameter of nanoparticles  (121).  A 
number of calculations were performed at different diameters of nanoparticles 
and the calculated data was fitted to the experimental absorption data, using 
Origin9 software, see figure (2).  The best fit between calculated data and the 
experimental absorption spectra were found for each particle and estimated 
values of diameters are given in Table 1. It should be noted that the size of the 
shell/core particle is larger than the metal particle, which indicates the reaction of 
curcumin with metals.  
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Fig.2: Compression between calculated spectra using the Mie theory and 
experimental spectra for Au and Curcumin Au and Ag and Curcumin Ag.  
Table1: synthesized nanoparticles sizes measured with Mie plot  
Type of NPs Size (nm) 
Au 10 
Ag 55 
Curcumin – Au 60 
Curcumin – Ag 73 
 
3.2- Z scan techniques  
 
The nonlinear refractive index n2 is given by n = no+n2I where no is the linear 
refractive index and I is the intensity of incident light. The nonlinear absorption 
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coefficient 𝛼 is given by 𝛼 = 𝛼o + 𝛽I, where 𝛼o is the linear absorption coefficient, 
𝛽 is a nonlinear absorption coefficient and I is the intensity of incident light.  Z-
scan technique (15) was used to measure the nonlinear refractive index and the 
nonlinear absorption coefficient of nanoparticles. This technique relies on the 
fact that the intensity varies along the axis of the convex lens and is maximum 
at the focus. Hence, by shifting the sample through the focus, the intensity 
dependence can be measured as a change in transmission. In the Z-scan 
procedure, the transmission for the sample was measured with and without an 
aperture in the far field of the lens as the sample moved through the focal point. 
This enables the nonlinear refractive index (closed aperture) to be separated 
from that of the nonlinear absorption (open aperture). 
The experiment was performed with an air-cooled Argon-ion laser beam 
operating at 488 nm and 514 nm with adjusting power between 15 - 30 mW. 
length, giving a typical power density range of 2.38x107- 4.78x107 W/m2. The 
transmission for the samples was measured with and without aperture in the 
far-field of the lens as the samples moved through the focal point.  
Fig. 3. Shows a typical normalized transmission at wavelengths 488 nm (closed 
Z-scan) for sample Ag and cur- Au as a function of the sample position: The 
normalized transmittance curve for the samples were characterized by a 
preface peak followed by a post focal valley. This peak valley configuration 
implies that the nonlinear refractive index of solution is negative (n2<0) (self-
defocusing). Similar characteristics were shown by other samples studied. The 
asymmetry in the closed z-scan curve, is the signature of thermal contribution 
to nonlinear refractive index and is explained below.  The values of the 
differences between normalized peak-valley transmittance (∆Tp-v) for the 
samples are shown in Table 2. It is possible from the peak to valley variation of 
the measured transmittance to calculate the nonlinear refractive index n2.  
The difference between normalized peak–valley transmittance ∆Tp-v is given by 
                                  (1)  
25.0)1(406.0 ST vp
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where 
 
is the on axis nonlinear phase shift at the focus and S is the linear 
transmittance of the aperture and is given by 
                                          (2)                                                                                                                                                                                                                                                                                                                                                  
where ra is the radius of the aperture and Wa is the radius of the laser at the 
entrance of the aperture.  The nonlinear phase shift is given by  
                                               (3) 
where 𝑛2 is the nonlinear refractive index, P is the laser power, 𝜆 is the laser 
wavelength and   where 𝛼 is the linear absorption 
coefficient at 488 nm, L is the sample thickness and Leff is the effective thickness 
of the sample. 
Equations 1 and 3 were used to calculate the value of nonlinear refractive 
index 𝑛2. The values of 𝑛2 are shown in Table 2. These values are the average 
of three close z-scans with estimated an error of 10%.The values reported here 
are in the same order with values reported in (122). 
 
 
Fig.3. Closed aperture z-scan response (a) for Ag and (b) for Cur-Au 
Fig 4 shows a typical normalized transmission at wavelengths 514 nm (open z-
scan) for sample Au as a function of the sample position. The normalized 
transmittance curve for the samples was characterized by a maximum 
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transmission at focus. This shows that the sample exhibits a saturation 
absorption (SA). A similar behavior was observed for Ag. Fig. 5 shows the 
normalized transmission (open z-scan) for cur- Au and cur- Ag samples. The 
normalized transmission were characterized by a minimum transmission at the 
focus. Thus the samples exhibit a reverse saturation absorption (RSA). 
Refractive indices of the matrix around nanoparticles play important roles in 
tuning the SPR band in turn the nonlinear properties. This may explain the 
observed RSA for cur- Au and cur- Ag samples. Fig.6 shows an open z-scan for 
shell/core Ag- Au. The transmission is characterized by saturation absorption 
(SA). 
 
For open aperture z-scan the nonlinear absorption coefficient (𝛽) is related to 
sample transmittance T at focus, by (15)  
𝑇 = 1 + 
𝛽 𝐼 𝐿𝑒𝑓𝑓
2√2
   (4) 
Equation 4 was used to calculate the value of nonlinear absorption coefficient 𝛽. 
The values of 𝛽    obtained for the samples are shown in Table 2. These values 
are the average of three open z-scans with an estimated error of 10%. The 
values reported here are in agreement with previously reported values 
(122,123). 
The process leading to the observed SA and RSA can be explained by 
considering band gap structures of noble metals (123,124). The optical 
properties of metals are influenced by the localization of electrons (of) in the d 
bands and by quasi free electrons in the sp conduction bands. The fermi level 
lies between 2 to 5 eV above the d- bands.  Electron transition between the d 
bands and the conduction bands can occur for photon energy in the visible 
region.  The processes involved in nonlinear optical properties are surface 
plasmon absorption, free carrier absorption, and two-photon absorption. The 
excitation wavelengths used for investigation of the nonlinear absorption were 
488 nm and 514 nm, which are almost in the vicinity of the SPR peak of Au and 
Ag nanoparticles.  In this case the main effect involves the excitation of the 
electrons from the SPR band. The excited electrons interact with the electric 
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field of the incident beam leading to higher order oscillations, which leads to a 
difference in frequency between SPR excited electrons and unexcited electrons. 
The electrons in the original SPR band that cannot further absorb radiation 
results in SA behavior. The SA behavior for Au particles is shown is in Fig.4. 
Similar behavior was observed for Ag nanoparticles.  For cur- Au and cur- Ag 
particles RSA were observed.   The RSA behavior can be explained by two step 
resonant two photon absorption (TSA) where in the first step electrons from d 
bands a
transferred from the fermi level to the conduction band by absorbing a second 
photon.   
The process leading to refractive index change, involves the excitation of the 
electrons from the SPR band. The excited electrons interact with the electric 
field of the incident beam leading to higher order oscillations. The excited hot 
electrons (electrons with higher energy than Fermi energy) are thermalized by 
dissipating the excess to the surroundings.  The excess thermal energy 
increases the surrounding temperature and generates a temperature gradient. 
This temperature gradient leads to a variation in refractive index, which is called 
a thermal lens (125). In addition to the thermal lens, the population redistribution 
between the excited and ground state conduction bands also plays an important 
part in the variation in the refractive index called a population lens (125). The 
plausible explanation for such a high value of nonlinear properties reported in 
this work arises from the use of cw laser that induces thermal effects that 
strongly affect the nonlinear properties masking the electronic contribution to 
the nonlinear properties. The observed asymmetry for close z-scan is an 
indication of the thermal effect. 
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Fig.4 Open aperture z-scan response for Au nanoparticle at 514 nm  
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Fig.5. Open aperture z-scan response for cur-Au at 514 nm and cur-Ag at 488 
nm 
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Fig 6. Open aperture z-scan response for Au-Ag at 488 nm 
 
Table 2: Shows the values of 𝜟𝑻𝒑−𝒗, nonlinear index of refraction and nonlinear absorption coefficient. 
Sample 𝝀 
(nm) 
𝜟𝑻𝒑−𝒗 𝒏𝟐  ×  𝟏𝟎
−𝟏𝟐  
(𝒎𝟐𝑾−𝟏) 
𝜷 ×  𝟏𝟎−𝟓  
(𝒎 𝑾−𝟏) 
Au 514 1.09 − 3.22 − 7.87 
Cur – Au  514 1.02 − 3.26 + 8.58 
Ag 488 0.50 − 1.61 + 3.52 
Cur – Ag  488 3.84  − 8.82 + 5.45 
Au – Ag  488 0.61  − 0.574 − 2.7 
 
 
4 – Conclusions 
 
Nanoparticles such as Au, Ag, (shell- core) Cur-Au, Cur-Ag and Au-Ag were 
prepared using chemical reduction methods. Both trisodium citrate and curcumin 
were used as reducing agents. The main significant aspect of the green synthesis 
procedure, is that the maintenance of pH during the synthesis process is not 
required. The SPRs in the nanoparticle is confirmed by measuring visible spectra 
using a UV-Vis spectrometer. For Au nanoparticles, the particle size distribution 
was determined using TEM.  Nanoparticle size distribution was estimated by 
comparing the calculations from Mie theory and experimental absorption spectra. 
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Z-scan technique was used to measure the nonlinear properties of nanoparticles. 
The nonlinear refractive index and nonlinear absorption of these samples were 
measured using the z-scan technique with cw argon-ion laser beam at 488 nm 
and 514 nm. Both SA absorption and RSA were observed and found to be 
dependent on the sample property.  
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